Remarks 

Status of the Claims 

Claims 38-42, 49, 8I-9O5 98-100 are currently pending in this application. Claims 43-48 
have been withdrawn. Claims 38, 49, 81, 84, and 100 are presently amended. New claims 101 
and 102 have been added. 

Support for the amendments to claims 38, 49, 81, 84, and 100 and for new claims 101 
and 102 can be found throughout the specification, for example, in paragraphs 30-35, 108, 109, 
115, and 125-133. Claims 49 and 84 have been further amended to recite the influenza 
nucleoprotein (NP) transcript, and support for this amendment can be found throughout the 
specification, for example, in Examples 4-8. Claims 49 and 84 have been further amended to 
remove recitation of ''preventing." 

No new matter has been added by the present Amendment. Applicant specifically 
reserves the right to pursue the subject matter of the canceled or amended claims in a related 
application. The present Amendment is introduced for the sole purpose of furthering 
prosecution. Applicant respectfully requests reexamination and reconsideration of the case in 
light of the present Amendments and the following remarks. Each of the rejections levied in the 
Office Action is addressed individually below. 

Information Disclosure Statement 

The Examiner has objected to the Information Disclosure Statement filed on December 
18, 2006 on the grounds that the non-patent literature documents Tompkins et aL, Verma et aL, 
and Zhang et aL were damaged and were not able to be scanned into the file. Please find 
attached to this Response an Appendix containing each of these three references. Applicant 
requests that the Examiner consider these three references and update the record to indicate that 
they have been considered. 
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Obviousness-Type Double Patenting 

The Examiner lias levied a provisional obviousness-type double patenting rejection, 
asserting that claims 38-42, 49, 81-90, and 90-100 pending in the present application are not 
patentably distinct from claims 12, 22, and 24-27 of co-pending U.S. application U.S. S.N. 
11/259,434. 

Applicant respectfully refrains from commenting on this rejection until such time as it 
matures into an actual rejection. Given the amendments to the present claims, and the 
potentially changing nature of the claims in the cited applications, comment at this time would 
not be prudent. 

Rejection under 35 U.S.C. § 112 for lack of written description 

Claims 38-42, 49, 84-90, and 99 stand rejected by the Examiner under 35 U.S.C. § 1 12, 
first paragraph, for alleged lack of written description. The Examiner states that the specification 
does not adequately support claims drawn to an siRNA targeted to an influenza virus or 
transcript associated with an influenza virus for treating or preventing influenza infection. 

Applicants respectfully disagrees. 

As an initial matter. Applicant submits that the Examiner made a typographical error and 
did not intend to include claims 38-42 in this rejection. As stated by the Examiner on page 6 of 
the Office Action, "claims 81-83, 99 and 100, drawn to inhibition of a target transcript of a 
respiratory virus in a mammalian subject [are] considered to have adequate description." 
Applicant notes that claims 38-42, just like claims 81-83, 99, and 100, are drawn to inhibition of 
a target transcript of a respiratory virus in a mammalian subject. Therefore, Applicant submits 
that the Examiner inadvertently included claims 38-42 in the present rejection, and presents the 
following arguments with the understanding that only claims 49, 84-90, and 99 are rejected. 
Applicant respectfully requests that the Examiner confirm that Applicant's understanding is 
correct. 

Regarding claims 49, 84-90, and 99, the Examiner states that the rejection involves "the 
lack of nexus linking such a broad genera oj structures (any siRNA targeted to any influenza 
virus or any transcript associated with influenza virus) with such a specific function of treating or 
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preventing influenza virus" (emphasis added, Office Action p. 6). Tiie Examiner states that the 
rejected claims do not recite any sequence identifiers or identify by name any particular 
influenza virus transcripts. Applicant does not agree with the Examiner's position, but is willing 
to amend the claims in accordance with her suggestion, with the hopes that such an amendment 
will further prosecution. Applicant, therefore, has amended independent claims 49 and 84 to 
specify that the influenza target transcript is an influenza nucleoprotein (NP) transcript. 
Applicant respectfully submits that the specification fully supports influenza or a clinical 
condition associated with overexpression or inappropriate expression of an influenza virus NP 
transcript or excessive functional activity of a polypeptide encoded by the NP transcript (see, for 
example. Examples 4-8 of the specification). Applicant, therefore, respectfully requests that the 
rejection be removed. 

Rejection under 35 U.S.C. § 1 12 for alleged lack of enablement 

Claims 49, 84-90, and 99 stand rejected under 35 U.S.C. § 1 12 for alleged lack of 
enablement. The Examiner states that the claims do not provide enablement for a method for 
prevention of influenza virus or prevention of a clinical condition associated with overexpression 
or inappropriate expression of an influenza virus transcript. Applicant respectfully disagrees. 

Specifically, it is Applicant's understanding that the Patent and Trademark Office 
routinely rejects claims containing the word "preventing" on the ground that "preventing" is an 
absolute term and cannot ever be demonstrated. Applicant respectfully points out that this 
position is inconsistent with the art, where the term "preventing" is routinely used to refer to 

prophylactic therapy. Applicant notes that nowhere in the rejection does the Examiner refer to or 
address the scope of teaching provided in the present specification and submits that, were such 
an analysis to be performed, the Examiner would find that in fact the present specification is 
fully enabling of "prevention" as that term is understood in the art. 

Notwithstanding the forgoing, and solely in order to further prosecution, Applicant has 
amended claims 49 and 84 to remove recitation of the word "preventing." Applicant, therefore, 
respectfully submits that the rejection is rendered moot in light of the present Amendment. 
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Rejection under 35 U.S.C. § 102(e) for alleged lack of novelty 

Claims 38-42, 49, 81-90, 98, and 99 stand rejected by the Examiner under 35 U.S.C. § 
102(e) on the grounds that they are anticipated by Biegelman et al. (U.S. Patent Publication 
2003/0148928). The Examiner states that Biegelman teaches methods of inhibiting a transcript 
associated with a respiratory disorder, methods of preventing or treating a respiratory disease 
associated with overexpression or inappropriate expression of any transcript, comprising 
administering an siRNA in combination with a cationic polymer. 

While not agreeing with the Examiner's position, and solely in order to further 
prosecution. Applicant has amended claims 38, 49, 81, 84, and 100 to recite "at least one cationic 
peptide" instead of "cationic polymers and modified cationic polymers." Biegelman et al 
disclose particular compounds characterized as having an enzymatic nucleic acid at one of the 
compound and a peptide at the other end of the molecule. Biegelman et al do not make any 
mention of "cationic peptides," and certainly do not disclose that cationic peptides can function 
as delivery agents, as recited in the present claims. Applicant submits that Biegelman et al do 
not teach all of the elements of the claims and, therefore, do not anticipate the claimed invention. 
Applicant respectfully requests that the rejection be removed. 

Rejection under 35 U.S.C. § 103ra) as allegedly being obvious 

Claims 38-42, 49, 81-90, and 98-100 stand rejected under 35 U.S.C. § 103(a) on the 
ground that they are unpatentable over Agrawal et al (U.S. Patent 5,194,428), Tuschl et al (PCX 
Publication WO 02/44321), Gautum et al (2000, Mol Therap., 2:63-70), and Kircheis et al 

(1997, Gene Therap., 4:409-18). The Examiner states that it would have been obvious to use 
polyethyleneimine (PEI) for delivery of siRNA into cells. 

Applicant does not agree with the Examiner's position, but respectfully submits that the 

rejection is rendered moot by the present amendment. The present claims, as amended, recite 

methods involving use of compositions comprising an RNAi-inducing entity and a delivery agent 

comprising at least one cationic peptide. In contrast, none of Tuschl et al, Agrawal et al, 

Gautum et al, or Kircheis et al make any mention of a cationic peptide. Considering that these 

references, alone or in combination, do not teach every element of the claims, they cannot render 

the claims obvious. Applicant, therefore, respectfully requests that the rejection be removed. 
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Conclusion 

Applicant, therefore, respectfully submits that the present case is in condition for 
allowance. A Notice to that effect is respectfully requested. 

If, at any time, it appears that a phone discussion would be helpful, the undersigned 
would greatly appreciate the opportunity to discuss such issues at the Examiner's convenience. 
The undersigned can be contacted at (617) 248-5175. 

Please charge any fees that may be required for the processing of this Response, or credit 
any overpayments, to our Deposit Account No. 03-1721. 

Respectfully submitted. 



/BHJarrell/ 

Brenda Herschbach Jarrell, Ph.D. 
Registration No.: 39,223 

Choate, Hall & Stewart, LLP 

Two International Place 

Boston, MA 02 110 

bj arrell@choate. com 

t (617)248-5175 

f (617) 502-5002 

Date: September 11, 2008 
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Protection against lethal influenza virus challenge 
by RNA interference in vivo 

Stephen Mark Tompkins*, Chia-Yun Lo*, Terrene© Wl. Tumpey*, and Suzanne L Epstein** 

*Laboratory of ImmunoJogy and Developmental BJology, Divfsbn of Cellular and Gene Therapies, Center for Blologks Evaluation and Research, food and 
Drug Administration, Bethesda, MD 20892; and 'influenza Branch, Division of Virat and RIclcefttsial Disease?, Centers for Disease Control and Prevention, 
Atlanta, GA 30333 

CwTimunkated by Herman N. Eisen, Massachusetts institute of Technology, Cambridge, (VIA, April 13, 2004 {received for review March 18, 2003) 



Influenza vims infection H responsible for liundreds of tiiousands 
of deaths annually. Current vaccination strategies and antiviral 
drugs provide limited protection; therefore, new strategies are 
needed. RNA interference is an effective means of suppressing 
viitis replication in vitro. Here we demonstrate that treatment wlUi 
small interfering RNAs (siHNAs) specific for highly conserved re- 
gions of the nucieoprotein or acidic polymerase inhibits influenza 
A virus replication in vivo. Delivery of these stRNAs significantly 
reduced lung virus titers In infected mice and protected animals 
from lethal challenge. This protection was specific and not medi- 
ated by an antiviral IFN response. Moreover, influenza-specific 
si RNA treatment was broadly effective and protected animals 
against lethal challenge with highly pathogenic avian influenza A 
viruses of the H5 and H7 subtypes. These results Indicate that RNA 
interference is promising for control of influenza virus infection, as 
well as other viral infections. 

nfluenza virus infection is a major public health problem, 
causing millions of cases of severe illness and as many as 
500,000 deaths each year worldwide (1). Although inactivated 
vaccines are 60-80% effective against matched influenza strains 
(2), vaccination coverage is a problem worldwide. Moreover, this 
strategy provides no protection against unexpected strains, 
outbreaks such as the H5 and H7 avian influenza outbreaks in 
Hong Kong in 1997 and The Netherlands and Southeast Asia in 
2003-2004, or pandemics. Currently, antiviral drugs are the best 
defense against these outbreaks, but they too provide only partial 
protection (3). New therapies to treat ongoing influenza infec- 
tion are urgently needed, as well as new vaccination strategies 
inducing broader immunity (1, 4, 5). 

RNA interference (RNAi) is an emerging technology that 
specifically inhibits gene expression. Small interfering RNAs 
(siRHAs), mediators of RNAi, are short (21-26 nt), double- 
stranded RNA duplexes that inhibit gene expression by inducing 
sequence-specific degradation of homologous mRNA (6). Many 
studies have shown that siRNA can significantly suppress gene 
expression when delivered into mammalian cells in vitro (7, 8). 
These findings raised the possibility that RNAi could inhibit viral 
gene expression and protect cells from viral infection* Subse- 
quently, a number of studies demonstrated inhibition of repli- 
cation of RNA viruses in vitro by RNAi (9-11), including HIV 
(12, 13), polio virus (14), hepatitis C virus (15, 16), West Nile 
virus (17), and influenza virus (17, 18). Moreover, a number of 
groups demonstrated effective silencing of both transgene and 
endogenous gene expression in vim (19-25). Here we extend 
these studies to an animal model of virus infection and disease. 
We show that administration of influenza-specific siRNAs can 
decrease lung virus titers and protect mice from lethal challenge 
with a variety of influenza A viruses, including potential pan- 
demic subtypes H5 and H7. This inhibition of influenza virus 
replication is specific, requiring homology between the siRNAs 
and gene targets, and is not the result of IFN induction by 
double-stranded RNA, 

Materials and Methods 

Mice. Female, 4- to 6-week-oId BALB/cAnNCR mice were 
purchased from Division of Cancer Treatment, National Cancer 
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Institute, Frederick, MD. Mice were challenged between 7 and 
9 weeks of age. The institutions* animal care and use committees 
approved all protocols for all animal experiments. 

Viruses* Influenza virus strains used were A/Puerto Rico/8/34 
{PR/8, HlNl) (5), A/Hong Kong/156/97 (HK/156, H5N1) 
(26), A/NL/219/03 (Netherlands/219, H7N7) (27, 28), and 
A/Hong Kong/1073/99 (HK/1073, H9N2) (29). Virus stocks 
were propagated in the allantoic cavity of embryonated hen eggs 
at 34^C for 48-72 h (PR/8) or 37*0 for 24 h (other viruses). All 
experiments with H5H1, H7N7, and H9N2 viruses were con- 
ducted under BSI^3+ containment. 

sfRNAs. siRNAs were purchased from Dharmacon Research 
(Lafayette, CO) as dried, 2'-deprotected, desalted duplexes and 
rcsuspended in AccuGENE PBS (BioWhittaker). Sequences 
used were as follows: OFP-949 (siGFP), sense 5'-GGC- 
UACGUCCAGGAGCGCAUU-3', antisense 5'^UUC- 
CGAUGCAGGUCCUCGCGU-3'; nucieoprotein (NP)-1496 
(siNP), sense 5'-GGAUCUUAUUUCUUCGGAGdTdT-3S 
antisense 5'-dTdTCCUAGAAUAAAGAAGCCUC^3'; and 
acidic polymerase (PA)-2087 (siPA), sense 5'-GCAAUUGAG- 
GAGUGCCUGAdTdT-3', antisense 5'-dTdTCGUUAACUC- 
CUCACGGACU'3' [as reported by Ge et al (18)]. 

siRNA Delivery and Virus infection in Vivo. On day -- 1, siGFP, siNP, 
siPA, or combined siNP and siPA were diluted to 50 p.gfm\ (25 
ju.g/ml of each with siNP and si PA combined) in PBS. Mice 
received 1 ml of diluted siRNA (3 J8 nmol) or PBS through 
hydrodynamic i.v, injection as described in ret 19, Sixteen to 
24 h later (day 0), siRNA/oligofectamine complexes were 
prepared: oligofect amine (Invitrogen) was diluted 1:1 in PBS 
and incubated for 10 min at room temperature (RT), and 
siRNAs were diluted to 1 mg/ml in PBS. Diluted oligo- 
fectamine and siRNA complexes (or PBS for vehicle controls) 
were combined in a 3:2 ratio and incubated for 20 min at RT. 
In all experiments except that detailed in Table 1, challenge 
viruses were diluted to a final volume of 10 /xl per challenge 
dose in PBS, For each mouse, 10 /xl of diluted virus was 
combined with 50 of oligofect amine/siRN A, Sixty micro- 
liters of virus/oligofectamine/siRNA (L51 nmol siRNA) was 
administered intranasally (i.n.) under anesthesia with isoflu- 
rane (PR/8 virus; Table 1 and Fig, 1), CO2 (PR/8 virus; Table 
2 and Fig. 2), or ketamine/xylazine (1.98 and 0.198 mg per 
mouse, respectively; HK/i56, NL/219, and HK/1073 virus^). 
For the experiment detailed in Table 1, viruses were diluted to 
a final volume of 50 /a1 per challenge dose in PBS* In this 



Abbreviations: elDji), egg 50% infective dose; i.n., intranasatdy); NP, nucieoprotein; PA, 
ccidlc polymerase; RNAi, RNA interfefence; siRWA, small interfering RNA; TCIDso. tissue 
culture 50% infective dose, 

*To whom correspondence should be addressed at: Laboratory of immunofogy and 
Deveiopmentat Biology. Division of Cellular and Gene Therapies, Office of CelMar, 
Tissue, and Ger^e Therapies, Center for Biologies ^valuation and H9$earch. Food and 
Drug Administration^ Rockvilie Pike, i-tFM'730, ftockviiie. MD 20852-1448. E-mail: 
epsteins^cber.fda.gov. 

www.pnas.prg/{:gi/dol/t0.1073/pn3S.0402$30l0l 



Table 1, influenza A-specific siRNA treatment inhibits influenza 
A/H1N1 virus replication tn vivo 



Mean lung Fold 
Treatment* n virus tlter"^ P value* reduction^ 



siGFP 


5 


5.6 ± 0.4 






siNP 


5 


3,8 ± O.t 


<0.0001 


53 


StPA 


4 


4,6 ± 0,1 


<0,01 


10 


siNP+slPA 


S 


3.8 ± 0.2 


<0,0001 


63 



not applicable. 

*BALB/c mice were treated 3s indicated and challenged with 5 x lO^TCIDsoof 
PR/8, Two days later, animals were sacrificed and lungs were collected for 
virus titer. 

^Expressed as logjo TCIDso/ml ± SEM. 

*One-way ANOVA statistical analysis on log-transformed data, followed with 
comparison with control {stGFP) by Dunnett's method. 
!>Compared with ifie siCFP-treated group. 

experiment, mice were anaesthetized with ketamine/xylazine, 
infected with the 50 jxl PR/8 challenge dose i.n., and given the 
SO-ftl i.n. siRNA dose (L51 nmol) 20 min later while still under 
anesthesia. Virus challenge doses were as follows: 5 X 10^ 
tissue culture 50% infective dose (TCIDso) of PR/8 virus, 10 
LD50 of HK/156 virus, 10 LD50 of NL/219 virus, and 10*^ egg 
50% infective dose (elD^o) of HK/1073 virus. Mice were killed 
day 2 postchalienge for analysis of lung virus titers or moni- 
tored for body weight and mortality until ail animals had 
succumbed to infection or were recovering by body weight. 
Lungs for virus titer were homogenized in 3 ml of Leibovitz 
medium (Biof iuids, Rockville, MD) and clarified by centrifu- 
gation* In the experiments detailed in Table 2, lung homoge- 
nates were titrated for virus infectivity by elD^o assay. For 
these assays, lungs were homogenized in 1 ml of sterile PBS 
and clarified by centrifugation. 

Virus Quantitation. Madin-Darby canine kidney cells (MDCK) 
cells were cultured in OPTI-MEM I (Invitrogen). TCID50 assays 
were performed as described in rei 30. Briefly, lung homoge- 
nates or tissue culture supernatants were assayed for virus 
infectivity on MDCK by endpoint dilution for cytopathtc effect 
with a 10-fo!d dilution series. Titers are expressed as logio 
TClD5o/m! ± SEM, The detection limit of the assay is 15 logjo 
TCIDso/mi. For the lung titer experiment detailed in Table 2, 
lung homogenates were titrated by elDso assay as described in 
ref. 5. Briefly, lung homogenates were titrated in 10-day-old 
embryonated eggs in 10-fold steps from initial dilutions of 1:10, 
and positive eggs were identified by hemagglutination with 



A/PR/8/34 (H1N1) 




20 
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Day post-challenge 

Fig. 1. Influenza-specific siRNA treatment protects mice from lethal H1J*il 
virus challenge, BAlB/c mice (10 per gro^p) were treated with sEGFP (filled 
circles), si NP (open squares), siPA (open triangles), orsiNP+stPA (open circf es), 
challenged with PR/8 virus, and monitored daily for mortality. Influenza 
SiRNA groups ail differ from siGPP controls {P < 0.05; tog-rank). 

allantoic fluid. Values are expressed as logio elDso/ml ± SEM. 
The limit of virus detection js 1.2 logio elDso/ml. 

Statistical Analysis. Lung virus titers were compared by statistical 
analysis on log-transformed data, using one-way ANOVA fol- 
lowed by Dunnett's test for treatment versus control or Student's 
t test. Results for percent initial body weight were compared by 
using Student's t test. Comparison of survival was done by using 
log-rank test 

Results and Discussion 

We first confirmed the results of Ge et al (IS), showing that 
pretreatment of MDCK cells with siRNAs specific for NP 
1496-1514 (siNP) or PA 2087-2106 (siPA) (18) could inhibit 
influenza replication after infection in vitro, siNF-, siPA-, or 
siNP+siPA-pretreated MDCK cells were infected with A/PR/8 
(PR/8) virus. A GFP-specific siRNA, siGFP (18), was used in ail 
experiments to control for potential nonspecific siRNA effects. 
Virus titers were decreased for at least 48 h postinfection 
compared with untreated or control siRNA-treated cells (data 
not shown). 



Table 2. Influenza-specific sIRNA treatment significantly decreases lung virus titers m mice chall^ged with H5, 
H7r and H9 avian influenza A viruses 



Challenge virus* 


Virus subtype 


Treatmerrt 


Mean lung virus titer""" 


P value* 


Fold reduction^ 


PR/S 


H1N1 


SiGFP 


6.0 ± 0.2 










SiNP -f SiPA 


4.3 ±0,6 


0.0072 


56 


HK/156 


H5N1 


SiGFP 


7.6 ± 0.1 










siNP -f- siPA 


6.5 ± 0.4 


0.0201 


11 


NL/219 


H7N7 


SiGFP 


7.7 ± 0.4 










SINP -f- SiPA 


6.7 i 0.2 


0.0245 


9 


HK/t073 


H9N2 


SiGFP 


5.2 ± 0,2 










SiNP + SiPA 


3.9 ± 0.6 


0.0022 


21 



not applicable. 

"^BALB/cmicefn - 4) were treated and challenged as indicated. On day Zpostdiallenge, animals were sacrificed and lungs were removed 
for virus tftratlon by elPgo. 
^Expressed as logio elD^o/ml ± SEWI. 

*One-way AHOVA statistical ana^ys^s on log-transformed data, followed by comparison using Student's t test. 
SCompared with the siGFP-treated group. 
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To assess whether RNAi could inhibit influenza virus 
replication in vivo, we used an established murine mode] of 
influenza infection. BALB/c mice were treated with influen- 
za-specific or control siRNAs by using hydrodynamic i.v. 
delivery as described by Lewis et al (19), Sixteen to 24 h later, 
mice were infected with PR/8 i.n. and also given a second dose 
of siRNA in a lipid carrier i.n. in the hope of improving 
effectiveness in the lungs. Two days postchallenge, lungs were 
removed and lung homogenates were assayed for virus, Virus 
titers were significantly reduced in the lungs of animals given 
siNP, siPA, or siNPH-siPA compared with those given siGFP 
(Table 1). Lung virus titers in untreated, PBS plus delivery 
vehicle-treated, and siGFP-treated animals were identical 
(data not shown), showing that siGFP treatment did not affect 
virus replication. Additionally, the decreases in virus titer were 
not due to effects in the assay of influenza-specific siRNAs in 
the Jung homogenates; lung samples from siRNA-treated, 
unchallenged animals did not inhibit detection of virus- 
containing samples in the TCID50 assay (data not shown). 

Previous studies demonstrate that vaccines causing as little 
as 5- to 10-foId reduction in lung virus titers can protect against 
lethal influenza challenge (5, 30, 31). To determine whether 
the decreases in lung virus titers due to siRNA treatment were 
sufficient to protect animals from death, BALB/c mice were 
pretreated i*v* with siGFP> siNP, siPA, or siNP+siPA^ followed 
16-24 h later with lethal PR/8 challenge and a second i,n. dose 
of siRNA. By day 18 postchallenge (Fig, 1), 60% of animals 
given control siRNA had died, whereas mice given either siNP 
or siPA had significantly less mortality (20% and 10%, re- 
spectively). Strikingly, treatment with the combination of 
siNP+siPA resulted in 100% survival. In all cases, the pro- 
tection provided by influenza-specific siRNA treatment was 
statistically significant. 

Although a variety of studies testing virus-specific siRNAs in 
vitro found no induction of IFN-mediated antiviral responses 



(12, 14, 15, 18), it was recently reported by Sledz et al (32) that 
siRNAs treatment could nonspecificaJly induce IFN»mediated 
innate immune responses. It was unlikely that IFN was mediating 
protection in our experiments, however, because animals treated 
with an identical amount of the control siGFP had significantly 
higher lung virus titers and significantly lower survival rates than 
animals treated with inf luenza-specific siRNAs (Table 1 and Fig. 
1). Nonetheless, to verify that siNP-fsiPA was not inducing 
nonspecific antiviral responses, we tested serum and lung ho- 
mogenates of mice treated with siRNAs in an IFN bioassay (33), 
We found no detectable IFN in an assay that readily detected 
IFN in the lungs of H3N2 virus-infected mice (data not shown). 
In addition, we compared the ability of the siRNA treatments to 
inhibit replication in vivo of PR/8 and influenza B/Ann Arbor/ 
1/86 (B/AA), The influenza B/AA genome has only 52-67% 
homology with the siRNA target sequences. siNP4-siPA treat- 
ment significantly decreased lung virus titers in PR/8-challenged 
animals, but not B/AA-chalienged animals (data not shown), 
confirming that sequence homology between the siRNAs and 
the viral gene targets is necessary for suppression of virus 
replication. 

Although influenza-specific RNAi provided potent protec- 
tion against lethal challenge with PR/8, an HlNl virus, it was 
unclear that it would protect against other influenza A sub- 
types because of the different kinetics and tissue tropism of 
these infections (34). The highly pathogenic avian influenza 
viruses that infected humans in the recent past were of 
particular interest because of their potential to unleash a 
pandemic; therefore, we tested the ability of siNP and siPA to 
inhibit replication of H5, H7, and H9 influenza subtypes. 
BALB/c mice were treated i,v» with siGFP or siNP-i-siPA on 
day -1, On the day of challenge (day 0), mice were given a 
second dose of siRNA in a lipid carrier i,n. and» at the same 
time, challenged with PR/8 virus (HlNI)j HK/156 virus, an 
H5N1 isolate from the 1997 outbreak of avian influenza in 
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FEg.2. Influenza-specifics^RNA treatment is broad!/ tross-reactive and protects mke against lethal chal^engewith highly pathogenic HS^nd H7 avian influenza 

A viruses. BALB/c mice (eight per group) were treated with siGFP (filled circles) or siMP+siPA {open circles) and challenged with PR/8 virus {a and cO, HK/1 56 virus 
(jb and e), or NL/2t9 virus (c and f). The percent of initial body weight (a-c) and survival postchallenge {d-f) are shown. Error bars (a-c) depict the standard error 
of the rnean. *, Groups differ for weight loss, P < 0.05 (Student's f test). The single surviving nnouse from the PR/8-challenged, siGFP-treated group recovered 
fully. siNPH-siPA groups differ from siGFP groups for survival \P < 0,002 by log-rank analysts for virus strains in d (PR/8X e (HK/156), and ^(NL/219)|. 
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Hong Kong; NL/219 vifus, an H7N7 isolate from the 2003 
outbreak of avian influenza in The Netherlands; or HK/1073 
virus, an H9N2 isolate from a 1999 case of avian influenza in 
Hong Kong, Two days later, animals were killed and lungs were 
tested for virus titer by elDsQ assay. As shown in Table 2, lung 
titers from HK/156- and NL/219-challenged mice were re- 
duced 11- and 9-fold, respectively, whereas lung titers from 
PR/8- and HK/1073-challenged mice were more dramatically 
reduced (56- and 21''fold, respectively; ali reductions were 
statistically significant). Thus, the siNP+siFA treatment could 
suppress repiication of a broad spectrum of influenza subtypes, 
including highly pathogenic avian isolates. Additionally, the 
siRNA-mediated inhibition of HK/156 replication provides 
further evidence that IFN is not responsible for inhibition of 
virus replication, because H5 viruses are resistant to the 
antiviral effects of IFNs (35), 

Certain isolates of avian influenza that have infected humans 
cause infections in mice that are rapidly lethal at low challenge 
doses (34). To test whether the inhibition of virus replication by 
RNAi was adequate for protectionj BALB/c mice were treated 
i.v, with siGFP or siNP+siPA and treated again 16-24 h later and 
given a lethal challenge i.n. with PR/8» HK/156, or NL/219 
virus- We did not include HK/1073 virus, because it is minimally 
letlial in mice (T.M.T., unpublished data). Animals treated with 
siNPH-siPA and challenged with a lethal dose of PR/8 survived, 
whereas almost 90% of the siGFP-treated mice died (Fig. 2 a and 
d). Survival results for H5N1 virus were dramatic; influenza- 
specific RNAi protected seven of eight mice challenged with a 
dose of HK/156 virus tiiat killed all of the control mice (Fig* 2 
b and e). In the case of NL/219^ protection against mortality 
although partial, was significant at a challenge dose lethal to all 
of the siGFP controls (Fig, 2 c and /), In addition, morbidity as 
indicated by weight loss was significantly reduced for PR/3 and 
NL/219. 

Influenza NP and FA proteins are essential to viral replica- 
tion, providing ideal targets for RNAi (18). Moreover^ the NP 
and PA genes are highly conserved across subtypes of influenza 
A virus; therefore, siRNAs against these genes should inhibit 
most influenza A viruses. This hypothesis is supported by our 
results demonstrating specific inhibition of replication of HI, H5, 
H7, and H9 influenza A subtypes in vivo. With the recent 
publication characterizing NL/219 by Fouchier et al (28), the 
sequences of the NF and PA genes are known for all of the 
viruses tested. The siRNA target sequences were identical in 
PR/8, HK/156, HK1073, and NL/219, However, there are 
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naturally occurring influenza variants that have mismatches in 
the targeted regions. It will be important to test the ability of 
these siRNAs to inhibit replication of viruses lacking complete 
identity. Targeting multiple elements within the influenza ge- 
nome decreases the likelihood of mismatches in all RNAi targets 
and could reduce the likelihood of development of slRNA- 
resistant virus escape variants (14). 

To use siRNA as an in vivo therapeutic, it must be delivered 
efficiently to the appropriate tissue{s). We demonstrate that 
hydrodynamic i.v. delivery combined with i.n, delivery of siRNA 
can specifically inhibit virus replication in the site of infection. 
Intravenous delivery of siRNAs alone also provided significant 
protection, although some animals succumbed to infection, 
suggesting that i.n. delivery contributed to survival (data not 
shown). Concurrent with our report, Ge etal (36) show that i,n, 
delivery of plasmids expressing influenza-specific siRNAs can 
significantly decrease lung virus titers in influenza-infected mice. 
Studies are underway to test alternative expression vectors, 
delivery vehicles, and routes of administration. 

Although we have not studied the effect of siRNA treatment 
of established infection, Ge et al (36) have shown reduction of 
virus replication in the lungs by siRNA given after infection. Our 
studies demonstrate that siRNA can be effective when given to 
animals before an otherwise lethal influenza infection. Although 
it will be important to test siRNA treatment in established 
infections, the data reported here suggest that this intervention 
would be useful during influenza outbreaks, and that siRNA 
could be given as a preventive in the face of a pandemic. Further 
development of this technology may provide an effective strategy 
for controlling influenza and other viral diseases. 
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Vitro and in Vivo Growth of Colon Cancer Cells^ 
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Abstract 

The (t-ca^nin and ARC genes are key components of 
the Wnt signaling pathway. Mutation of these genes results 
in Increased levels of the p-catenln protein, which is associ- 
ated with enhanced cellular proliferation and the develop- 
ment of both colon poiyps and colon cancer. Recently, a 
technique known as RNA Interference has been successfnlly 
adapted to mammalian cells so that it is now possible to 
specificailly decrease the expression of cellular genes after 
transfection of annealed small interfering 21-mer RNAs. In 
the current study^ we used small interfering RNA (siRNA) 
directed against P-cat^nin to determine the effects of de- 
creasing the high constitutfve levels of this protein in colon 
cancer cell lines with mutations in either P-catcnIn or APC* 
Our studies demonstrate that siRNA directed against 
P-catentn markedly decreased p-catenin-dependent gene ex- 
pression and inhibited cellular proliferation as reflected in 
^e reduced growth of these colon cancer cells both In soft 
agar and in nude mice* These results indicate that siRNA 
can target specific factors whose expression is altered in 
malignancy and may have the potential as a therapeutic 
modality to treat human cancer. 

Introduction 

Colon cancer is one of the most common human malig- 
nancies, occurring in approximately 6% of the population in the 
United States (1). A frequent genetic abnormality seen in both 
hereditary and sporadic forms of polyps and cancer of the colon 
is mutation of the APC and ^-catenin genes (2-8). These genes 
are key regulators of the Wnl pathway, which plays a critical 
role in the control of cellular proliferation. 

The current model of Wnt signaling indicates that the 
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binding of Wnt proteins to their receptor, frizzled, stabilizes 
p-catenin by inhibiting the activity of the serine/threonine ki- 
nase GSK-Sp."* 0SK'3p is associated with p-catenin in a mul- 
tiprotein complex that also includes the adenomatous polyposis 
coli tumor suppressor protein APC, axin or conductin, protein 
phosphatase 2 A, and disheveled (5), GSK-3P phosphorylation 
of sites in the NHa terminus of P-catenin induces its degradation 
via the ubtquitin-proteasome pathway (9). After Wnt signaling, 
p-catenm associates with members of the TCF/lymphocyte- 
enhancer factor family and migrates to the nucleus, where this 
complex functions as a transcriptional activator (10). TCF/LEF 
in conjunction with p-catenin can activate the transcription of 
a variety of target genes including o-myc (11) and cyclirj DI 
(12, 13). 

A major regulator of p-catenin protein levels is APC (7, 
14). Mutations in APC are frequently seen in both hereditary 
and sporadic colorectal cancers (6, 15), leading to the accumu- 
lation of p-catenin and increased levels of P-catenin/TCF" 
regulated transcription (4, 6, 8, 11), Some colon tumora that do 
not contain mutations in APC have increased levels of p-catenin 
as a result of mutations in the NHj terminus of P-catenin that 
prevent GSK-3p phosphorylation and subsequent degradation 
by ubiquitin-dependent proteolysis (9). Mutations in p-catenin 
and APC account for the majority of defects seen in tumors that 
have increased p-catenin levels (3-6). 

Although the role of p-catenin in regulating cellular func- 
tion has been extensively analyzed in other systems (2, 5), the 
ability to specifically reduce its levels by genetic means in 
established colon cancer cell lines is important for better defin- 
ing its role in maintaining the malignant phenotype. Thus^ we 
investigated whether specifically reducing the levels of P-cate- 
nin protein in established colon cancer cell lines, in which this 
protein was overexpressed, might result in decreased in vitro 
and in vivo proliferation. For this analysis, RNAi with siRNAs 
directed against p-catenin was used. RNAi is an evolutionary 
conserved mechanism that is operative in insects, nematodes, 
plants, and mammalian cells (16-18). Jn this process, sequence- 
specific posttranscriptional silencing is initiated by the introduc- 
tion into cells of double-stranded annealed sense and anttsense 
RNAs that are homologous to the sequence of the silenced gene 
(16). The ultimate mediators of RNAi-mediated degradation arc 
21-mcr siRNAs that are generated by RNase III cleavage of 
double-stranded RNAs that have been introduced into cells and 
may extend up to several hundred nucleotides. For adaptation of 
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IlNAi to mammalian cells, 21-mer sense and antiscnse RNA 
oligonualeotides that correspond to a portion of the gene of 
interest are synthesized and annealed (16-18). The annealed 
21-mer RNAs are introduced into cells by transfection, where 
they bind specifically to the cellular mRNA of interest and 
activate a RNA degradation process that leads to 80-90% 
decreases in the corresponding protein levels. The use of 21-mer 
RNAs in raammaiian celis, rather than longer RNAs that are 
used in other species, avoids the activation of the double- 
stranded dependent protein kinase, PKR, and nonspecific 
RNases that nonspecifjcally silence gene expression. 

The studies reported here demonstrate that RNAi provides 
a simple, reproducible, and highly efficient means to determine 
the role of p-catet5in on the growth of colon cancer cells both in 
culture and in nude mice. In addition, these data indicate that 
RNAi provides a useful methodology with which to study the 
role of regulatory genes that control the proliferation of cancer 
cells. Finally, our in vivo studies suggest that RNAi may have 
therapeutic potential in the treatment of cancer. 

Materials and Methods 

Cell Lines* The colon cancer adenocarcinoma cell lines 
SW480 (4, 14) and HCT116 (3, 4), with mutations in APC or 
p-catenin, respectively, were obtained from the American Type 
Culture Collection (Manassas, VA). These cells were propa- 
gated and maintained in McCoy's 5 A and Leibovitz L-15 media 
(Life Technologies, Inc., Rockviile, MD), respectively, and sup- 
plemented with 10% fetal bovine serum (Life Technologies, 
Inc.), 2 nm L-glutamine, 50 units/ml penicillin, and 50 |jig/ml 
streptomycin. The HCTl 1 6 cells were maintained with 5% CO2, 
whereas the SW4$0 cells were maintained without CO^. 

RNA Oligonucleotides. siRNA oligonucleotides with 
two thymidine residues (dTdT) at the 3 '-end of the sequence 
were designed to (B-catenin-l (sense, 5'-AGCUGAUAUU- 
GAUGGACAG-3'), which extends between amino acids 79 and 
85 of p-catenin, p-catenin-2 (sense, 5'-CAGUUGUG- 
GUUAAGCUCUUdAdC-3'), which extends between amino ac- 
ids 491 and 498 of p-catenin, APC (sense, 5'-GCAACA0AAG- 
CAGAGAGGU-3'), which extends between amino acid 238 and 
245 of APC, the NF-kB p65 subunit (sense, 5'-OCCCUA0C- 
CCUUUACGUCA"3'X which extends between amino acids 
347 and 353 of p65; and HTLV-1 Tax (sense, 5'-GAU0- 
OACGCGUUAUCGGCU-30, which extends between amino 
acids 60 and 66 of Tax^ along with their corresponding antisense 
oligonucleotides, as described previously (Ref 18; Dharmacon 
Research Inc., Lafayette^ CO), These RNAs were dissolved in 
TE [10 mM Tris-Cl (pH 8.0) and 1 mM EDTA] as 200 jXM 
solutions, Double^stranded siRNAs were generated by mixing 
the corresponding pair of sense and antisense RNA oligonucleo- 
tides at 20 |xm concentration in annealing buffer [30 mM 
HEPES-KOH (pH 7,9), 100 mM potassium acetate, and 2 niM 
magnesium acetate]. The reaction mixtui-e was heated to 95*'C 
for 2 min, allowed to come to room temperature over 30 min, 
and then aliquoted and stored at ~20°C 

Transfection of RNA Oligonucleotides. Approxi- 
mately, 1 X 10^ cells were plated per 6-well plate in media 
containing 10% fetal bovine serum to give 30-50% confluence, 
and transfection of the RNA oligonucleotides was performed 



using OUgofectamine (Invitrogen, Carlsbad, CA) to result in a 
ttml RNA concentration of 50 tm. The celis were harvested at 
different time points and lysed in PD buffer [40 mM Tris-HC! 
(pH 8,0), 500 mM sodium chloride, 0.1% NP40, 6 mM EDTA, 6 
mM BGTA, 10% glycerol, 10 niM sodium fluoride, and 1 mw 
sodium orthovanadate] for Western blot analysis. 

To determine the effects of siRNA on P-catenin reporter 
constructs, the cells were transfected using 4 jjil of GeneJuice 
(Novagcn, Madison, WI) at 24 h after siRNA transfection with 
either TOPFLASH or FOPFLASH (0.5 pig) lucifcrase and a 
RSV^p'galactosidase reporter (0 J p-g; Ref 8), The TOPFLASH 
and FOPFLASH reporters contain three wild-type or mutant 
p-catenin and TCF/LEF binding sites respectively inserted up- 
stream of a minimal c-fos promoter. The cells were harvested 
after an additional 24 li, lysed in buffer (Promcga, Madison, 
WI)> and analyzed for luciferase and p-galactosidase activity 
using specific assays (Promega). 

Western Blot Analysis, Cells were prepared in PD 
buflfcr, and Western blot analysis was performed as described 
previously (19). The antibodies and dilutions used included 
anti-APC (Ab-1; 1:1000; Oncogene, San Diego, CA), anti-p- 
catenin (1:1000; Transduction Laboratories, San Diego, CA), 
mti'C-myc (9E-10; 1;500; Santa Cruz Biotechnology, Santa 
Cmz, CA), anti-cyclin Dl (1:500; Santa Cruz Biotechnology), 
anti-actin (1:1000; Santa Cruz Biotechnology), antj".CDK9 (1; 
1000; Santa Cruz Biotechnology), anti-p65 (1:1000; Santa Cruz 
Biotechnology), anti-SPT5 (1:1000; Ref. 19), or anti-TFHB 
(1:1000; Transduction Laboratories). After extensive washing, 
tlie membranes were incubated with antimouse or antirabbit 
IgG-horseradish peroxidase conjugate antibody (Amersham, 
Piscataway, NJ) at a 1 :2000 dilution for 1 h at room temperature 
and developed using enhanced chemiluminescence (Amer- 
sham), 

Immunonuorescence Microscopy. HCTn6 cells were 
grown on coverslips to 30-40% confluence and transfected 
with the various RNA oligonucleotides. At 72 h, the cells were 
processed for immunofluorescence as described previously (20) 
and analyzed on a Zeiss Axioskop 2 microscope at X63 mag- 
nEftcation. Antibodies against p-catenin and lamin B (Santa 
Cniz Biotechnology) were used at a dilution of 1:200, whereas 
the respective FITC- or Rhodamine Red-X-conjugated second- 
ary antibodies (Jackson ImmunoRescarch Laboratories, West 
Grove, PA) were used at 1 :400 dilutions. 

Cellular Proliferation Assays. HCTl 16 and SW480 
cells transfected with the indicated RNA oligonucleotides were 
cultured in 96-ceil well plates in replicates of 12. The cells were 
then incubated with 200 ^1 of tissue culture medium and pulsed 
with 1 |xCi/well [^Hjthymidine (Ferkm-Elmer, Boston, MA) for 
12 h at 37^*0. Extracts were prepared using a semiautomatcd cell 
harvester, and the [^HJthymidine-labeled DNA was extracted 
and attached to glass fiber filter paper. The fiher discs were air 
dried, transferred to a scintillation vial containing 3 ml of 
scintillation fluid, and counted on a Beckman LS 6000 liquid 
scintillation beta counter, 

Caspase-3 Assays* Induction of apoptosis after siRNA 
transfection was assessed by detecting caspase activity in cell 
ly sates 48 h after siRNA transfection. The activity of DEVD- 
specific proteases was measured using an EnzCheck Caspase-S 
Assay Kit (Molecular Probes, Eugene, OR) as suggested by the 



Clmical Cancer Research 1293 



manufacturer. At 48 h after siRNA transfection, the cells were 
harvested, and 1 X 10^ cells were frozen at -SCC until the time 
of assay. The fro^en cells were resuspended in 50 \jd of lysis 
buffer and incubated on ice for 30 min^ and cellular debris was 
pelleted. Lysates (50 ^I) were transferred to 96'Well plates and 
incubated at room temperature for 50 min with substrate (Z- 
DEVD-AMC) in 2X reaction buffer at a 100 fjiw final concen- 
tration. Cell lysatc alone with the caspase inhibitor Ac-DEVD- 
CHO at a 100 \m final concentration was also included. 
Fluorescence was measured by a fiuorometer at an excitation 
wavelength of 350 nm and a detection wavelength of 450 nm. 

Soft Agar Colony Assays. At 24 h after siRNA trans- 
fection, the cells were mixed with tissue culture media contain- 
ing 0.6% agar to result in a final agar concentration of 0,4%, 
Then 1 ml of this cell suspension was immediately plated in 
6-well plates coated with 0.6% agar in tissue culture media (1 
ml/well)^ and the colonies were counted 10 days after plating. 
The cultures were analyzed in triplicate, and the number of 
colonies/10^ cells was calculated. 

Murine Xenograft ModeK Institutional guidelines and a 
Animal Research Committee-approved protocol were followed 
for mouse studies- For these studies, 4 -6- week-old female 
nude'^^^"" mice were obtained from Charles River (Wihnington, 
MA) and housed in clean specific pathogen-free rooms in 
groups of 5 and cages containing microisolator tops. At either 6 
or 24 h after transfection of HCTl 16 cells with siRNA directed 
against either p-catenin (experimental group) or Tax (control 
group), the cells were harvested, washed twice in ice-cold 
serum-free McCoy* s 5 A media, counted for viable cells by 
trypan bhie exclusion, and resuspended in the same media. The 
cells were resuspended in this same medium and used to inject 
each group of mice s.c. in the right flank with 2.5 X 10^ cells in 
a volume of 0.25 ml. The tumors were measured in 3 axes from 
day 7 onward, and the tumor volume was calculated from these 
measurements. The survival was determined from the day of 
tumor injection to the day of euthanasia. As per institutional 
requirements» the mice were euthanized once tumors grew to 
greater than 2 cm. 

In another experiment, 2 X 10* untreated HCT1I6 cells 
were injected into nude mice by i.p. injection. These mice were 
randomly divided into two groups of nine mice each. One group 
of mice was ti^ated with siRNA directed against p-catenin, 
whereas the other group of mice was treated with siRNA di- 
rected against Tax. These mice were given i.p. injections con- 
taining 250 pmol of each of the siRNAs complexed with Oli- 
gofectamine and diluted into 0.5 ml of serum-free media. These 
treatments consisted of i.p. injections of the siRNAs adminis- 
tered once a day every 4 days for four doses starting 6 h after 
injection of the HCTl 16 cells. Afterward, the siRNAs were 
injected weekly for 3 additional weeks. Mice were carefully 
observed for survival^ which was measured from day of injec- 
tion of the HCTl 16 cells to either the day of spontaneous death 
or the day of euthanasia in the case of moribund mice. 

Assessment of Expression p-Cafenin in in Vivo Grow- 
ing Tumor Samples* s.c. tumors were induced in nude mice 
by sx. injection of 2.5 X 10^ unmanipulated HCTn6 cells, as 
described above. Seven days after induction of tumor, the mice 
were given 250 pmoi of siRNA diluted in 250 of sterile PBS 
by i.v. injection in the lateral tail vein- The control group 



received Tax siRNA, whereas the experimental group was given 
p-catenin siRNA. Tissue samples were obtained 48-72 h after 
the Lv. dose of oligonucleotides, by core biopsy. The core 
biopsy was performed on tumors under anesthesia. Tissue sam- 
ples were collected in PD buffer and incubated on ice for 30 min 
with intermittent mixing. After solubilization, the supernatant 
was collected by centrifugalion at 14,000 rpm at 4*'C for 20 min. 
The protein concentration was measured in each sample, and an 
equal amount of protein was used to analyze p-catenin levels by 
Western blot- 
Statistical Analysis. Sigma Plot (SPSS Inc., Chicago, 
IL) was used to analyze the data and plot curves. Two-tailed 
unpaired t test was used to compare the statistical significance of 
the differences in data from two groups, where appropriate, 
Kaplan-Meier analysis was used to plot survival curves for mice 
injected with HCTl 1 6 cells after p-catenin or Tax siRNAi 
treatment. 

Results 

sIRNA Directed against P-Catenin Reduces Its Expres* 
sion in Colon Cancer Cell Lines with Mutations in Either 
APC or p-Catenin. In the majority of colon cancers^ muta- 
tion in either the APC or ^-catenin gene leads to increased 
levels of p-catenin (3, 4^ 6j 8). The increased levels of P-catenin 
lead to the enhanced expression of p-catenin/TCF-regulated 
genes such as c~myc and cyclin D! (11-13), resulting in in- 
creased cellular proliferation (21-23). Two colon cancer cell 
lines, SW480 (4, 14) and HCTl 16 (3, 4), with mutations in 
either the APC or ^-catenin gene, respectively, resdt in in- 
creased p-catenin levels (3, 4, 8, 14). In this study, RNAi was 
used in an attempt to decrease p-catenin expression in these cell 
lines to address whether its overexpression may have a role in 
regulating the proliferation of established colon cancer cells. 

For these studies, annealed 21-mer sense and antisense 
RNA oligonucleotides directed against a portion of the p-care- 
nifj gene were used. In addition, RNA oligonucleotides directed 
against either the APC or the human T^eil leukemia virus Tax 
gene were used as controls. Each of these annealed RNAs was 
transfeoted into SW480 and HCTJI6, and their effects on 
P-catenin protein levels were compared with mock-transfected 
cells by Western blot analysis at 48 and 72 h posttransfection 
(Fig. U). 

siRNA directed against p-catenin reduced the levels of 
p-catenin in both SW480 and HCTl 16 cells but did not affect 
the levels of actin (Fig. lA). Interestingly, siRNA directed 
against p-catenin altered the mobility but not the level of APC, 
whereas siRNA directed against APC reduced the levels of this 
protein but had only minimal effects on the levels of P-catenin 
(Fig. \Ay SiRNA directed against Tax or mock trsmsfection did 
not alter either p-catenin or APC levels (Fig. I A), Similar results 
with p-catenin siRNAs were also seen in other cell lines includ- 
ing HeLa and 293 (data not shown). These results indicate that 
siRNA can markedly reduce p-catenin levels in colon cancer 
cell lines that have elevated levels of this protein as a conse- 
quence of mutations in either p-catenin or APC. 

It was important to address whether siRNA directed against 
p-catenin altered either its level or cellular distribution when 
assayed by immunofluorescence. siRNA directed against either 
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Fig. I siRNA directed against p-catenin specifically inhibits its ejc- 
pression. A, SW480 and HCT116 cells were iransfected with 50 tiM 
annealed sense and antisense 21-mcr RNA ohgonucleotides directed 
agamst either APC, |i-catcnin, or Tax containing the sequences listed in 
"Materials and Methods" or mock-transfccted. Cells w^c harvested at 
either 4$ or 72 h po$ttran$fection» and Western blot analysis wa$ 
perfbrmcd. B, HCTIl^ cells grown on coversUps were transfected with 
the same annealed 2!-rner RNA oligonucleotides used in A and stained 
with p-cfttenin or lamin B primary antibodies and Rhodamine Red-X- or 
FlTC-conjugated secondary antibodies. The cells were then subjected to 
analysis with confocal microscopy. 



APC, p-catenin, Tax, or mock transfection of HCTl 16 cells was 
performed, and these cells were then stained with antibody 
directed against either P-catenin or lamin B (Fig. 1^), In con- 
trast to the membrane and nuclear staining of p-catenin that has 
been previously noted (20), siRNA directed against p-catenin 
reduced its levels such that it was not detected with an antibody 
directed against p-catenin (Fig, 15), There was readily detect- 
able nuclear staining of lamin B in these same cells. siRNA 
directed against APC resulted in slightly increased nuclear stain- 
ing of P-catenin, whereas siRNA directed against Tax resulted 
in similar immunostaining of p-catenin as seen with control 
cells (Fig, \B), Because APC has been demonstrated to enhance 
the nuclear export of P-catenin, siRNA-mediated decreases in 
APC can potentially result in increased nuclear levels of p-cate- 
nin and p-catenin-dependent gene expression (24). Thus, siRNA 
directed against p-catenin reduced its levels using both Western 
blot and immunofluorescence assays. 

Time Course for siRNAnmcdiated Reductions in 
pOateniu Protein. Next we addressed the duration of 
siRNA-mediated decreases m the expression of the p-catenin 
protein in both HCTn6 and SW480 cells. In addition, we 
addressed whether siRNAs directed against another region of 
P-catenin could also reduce p-catenin levels and determined the 
specificity of p-catenin siRNA by assaying its effects on the 
expression of a variety of other cellular proteins. To address 
these points, siRNAs directed against either of two distinct 
regions of p-catenin (regions 1 and 2), APC, the p65 subunit of 
the NF-kB protein, or Tax were transfected into HCT116 and 
SW480 cells. The siRNA directed against the p65 NF-kB sub- 
unit was included tn these studies to jfurther assess .the specific- 
ity of these siRNAs, Cells were harvested at 2, 3, 7, and 10 days 
after siRNA transfection, and extracts were prepared and ana- 
lyzed by Western blot analysis for the expression of p-catenin 
and other transcriptional regulators including p65» SPT5, and 
CDK9, in addition to actin (Fig, 2). 

This analysts revealed that p-catenin protein levels were 
reduced in both SW480 (Fig. 2A) and HCTl 16 (Fig. IB) cells by 
siRNAs directed against two separate regions of p-catenin, but 
not by siRNAs directed against either Tax, APC, or p65 (Fig, 2). 
The levels of P-catenin were decreased at 48 h after siRNA 
transfection and remained reduced in both SW480 and HCTl 16 
cells for 10 days after siRNA transfection (Fig. 2). A similar 
degree of inhibition over this time frame was seen with siRNA 
directed against the p65 subunit of HF~kB (Fig, 2). Western blot 
analysis demonstrated that the p~catenin siRNAs decreased 
p-catenin protein levels but not the levels of p65, SPT5, CDK9, 
or actin. Similarly, the p65 siRNA decreased the expression of 
p65 but not the levels of p-catenin, SPT5, CDK9, or actin. 
These resuhs indicate that siRNAs have a high degree of spec- 
ificity and resulted in prolonged decreases in specific cellular 
gene expression without marked effects on the expression of 
other cellular proteins. 

P-Catenin-dep<^ndent Gene Expression Is Reduced by 
sIRNA. When p-catenin is present in the nucleus, it is able to 
bind in conjunction with TCF/LBF to elements found in the pro- 
moters of a variety of cellular genes (10). A luciferase reporter with 
a minimal c/c?5 promoter and multiple binding sites for the TCF/ 
LEF and p-catenin complex known as TOPFLASH and another 
luciferase reporter that contains mutated TCF/LEF binding sites 
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known as FOPFLASH have been widely used to characterize 
p-catenin-dependent gene expression (8). These reporter constructs 
were transfected into siRNA-treated SW480 and HCTl 16 cells, 
and luciferase activity was determined, 

siRNA directed against ^-catenin, but not sIRNA directed 
against APC or Tax. reduced TOPFLASH activity between 6- 
and 8-foid in SW480 cells (Fig. 3.4). SiRNA directed against 
p-catenin also resulted in a 5™ 6-fold decrease in TOPFLASH 
activity in HCTl 16 cells (Fig. There was httle effect of 
siRNA directed against p-catenin on the FOPFLASH reporter 
(Fig. 3, C and Z>). HCTl 16 cells contain a wild-type APC gene 
that can reduce the nuclear levels of p-catenin via its ability to 
export p-catenin to the cytoplasm (4). siRNA directed against 
APC markedly stimulated p-catenin-dependent gene expression 
in HCT 116 cells (Fig. 35). This result was consistent with the 
increased nuclear levels of ^-catenin seen in these cells when 
analyzed by immunofluorescence (Fig- IB). Finally, we ad- 
dressed whether siRNA directed against p-catenin reduced the 
expression of two cellular genes known to be regulated by the 
TCF/LEF and j3-calenin. The endogenous expression of c-myc 
and cyclin Dl^ but not the transcription factor TFIIB, was 
reduced by transfection of siRNA directed against p-catenin, but 
not APC or Tax (Fig. 3£). These results indicate that stRN A can 



speciftcally decrease the expression of p-catenin-dependent 
genes. 

Role of P-Catenlii on Regulating Cellular Proliferation. 

Previous studies have demonstrated that p-catenin increases 
cellular proliferation (22, 23), likely due to its ability to increase 
the expression of specific cellular genes (11-13). Increased 
p-catenin levels may play a role in the proliferative advantage 

seen in colon polyps and other premalignant lesions (5). 
Whether increased levels of p-catenin also regulate the prolif- 
eration of established cancer cell lines remains unclear. 

First, SW480 and HCTI16 cells were either mock-trans- 
fected or transfected with siRNA directed against either APC, 
P-catenin, or Tax. The number of S W480 (Fig. 4A) and HCT 1 1 6 
(Fig. 4B) cells was then determined at both 24 and 72 h post- 
transfection. These studies indicated that siRNA directed against 
p-catenin slightly but reproducibly decreased the growth of 
SW4S0 ceils at 72 h posttransfection (Fig. 4A). Tliere was a 
much greater effect of the siRNA directed against p-catenin on 
the growth of HCTl 16 cells, with a 40-50% reduction in the 
growth of these cells seen at 72 h posttransfection in four 
separate experiments (Fig, 4B). In addition, siRNAi directed 
against p~catenin was also used to deteimine its effects on 
[^H]thymidine incorporation in both SW480 and HCTl 16 cells. 
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Fir;g'. i siRNA dkected against 
p-catenin reduces p-catenin- 
depend^t gene expression. (A and 
C) SW480 and (B and Z>) HCTl 1 6 
ceils were transfected wHh 2Kmer 
atincaled RNA ollgonuckotidcs 
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transfected. At 24 h posttransfec- 
tion^ the cells were transfecled 
with either {A and B) TOPFLASH 
or (C and D) FOPFLASH report- 
ers and a RSV p^galactosidase re- 
porter, Lucifenise and p-galacto- 
sidase activity were detemiined 
48 h later. All transfections were 
narnialijsed using RSV-p-galacto- 
sidase expression. The luciferase 
assays were performed in triplicate 
and repeated in three separate ex- 
periments. E, Western blot analy- 
sis was perfonned on extracts pre- 
pared from SW480 and HCTUe 
cclJs transfected for 72 h with 
RNA oligonucleotides directed 
against APC, (3-catenin, or Tax or 
mock-transfected using antibodies 
directed against either p-eatenin, 
c-myc, cyciin Dl, or TFIIB. 



RNAi directed against P-catenin resulted in a 20-30% decrease 
in the incorporation of pH]thymidin© in both SW480 and 
HCTl 16 cells (Fig. 4, C and D). In contrast, RNAi directed 
against either APC or Tax did not result in significant decreases 
in [^H]thymidine incorporation. 

Finally, we wanted to address whether the decrease in 
growth or [^HJthymidine incorporation seen in the P-catenin 
siRNA-transfected cells was due to increased levels of apopto- 
sis. Caspa8e-3 activity in these siRNA-transfected cells was 
assayed in both the absence and presence of the caspase~3 
inhibitor DEVD {Fig. 4, E and F). This analysis revealed that 
there was no increase in the level of apoptosis in either SW480 
or HCTl J 6 cells in the presence of the p-catenin siRNA. West- 
em blot analysis of these samples confirmed that the p-catenin 
siRNAi resulted in decreased p-catenin levels (data not shown). 
These experiments, which were repeated on three separate oc- 
casions with similar results, suggested that p-catenin is impor- 
tant in regulating the proliferation of established colon cancer 
cell lines but does not lead to increased levels of apoptosis. 

Reductions in p-Catenin Protein Inhibit Colony For- 
mation, Given the effects of p-catenin siRNA on cellular 
proliferation^ we next tested whether siRNA-mediated reduc- 
tions in p-catenin levels decreased the ability of SW480 and 
HCTn6 cells to form colonies in sofi agar. To test this point, 
each of these cell lines was transfected with siRNA directed 
against either APC, p-catenin, or Tax or mock-transfected (Fig. 
5, A and B). At 24 h posttransfectioHj the cells were placed into 
media with soft agar, and colony formation was assayed after 10 
days. siRNA directed against p-catenin resulted in a significant 
decrease in colony formation in both SW480 (Fig. 5A) and 
HCTl 16 cells (Fig. 5B). There was a 3~4''fold decrease in 
colony formation seen In both SW480 and HCTI16 cells trans- 



fected with siRNA directed against p-catenin, but not APC or 
Tax, These results suggested that reductions in p-catenin levels 
decreased the ability of colon cancer cells to form colonies in 
soft agar, 

siRNA Directed against P-Catenin Reduces Tumor 
Growth In Vivo. Next, we addressed whether the transient 
exposure of HCTl 16 cells in culture to siRNA directed against 
p-catenin altered the ability of these ceils to proliferate after 
injection into nude mice. In addition, we asked whether the in 
vivo administration of siRNA directed against p-catenin into 
nude mice after the i,p, injection of HCTl 16 cells could inhibit 
the growth of these cells and result in increased survival of these 
mice- Thus» we could address the potential in vivo effects of 
siRNA on inhibiting the proliferation of colon cancer cells. 

In the first series of experiments, HCT116 cells were first 
transfected with stRNA directed against either p-catenin, Tax, 
or APC for either 6 or 24 h. Western blot analysis at 24 h 
posttransfection demotistrated a small reduction in p-catenin 
levels in the HCTl 16 cells transfected with P-catenin siRNA 
but not in those transfected with APC or Tax siRNAs (Fig. SA). 
[^HjThymidine labeling of a portion of these HCTl 16 cells 
between 16 and 24 h after siRNA transfection revealed that 
there was little difference in the thymidine incorporation in 
these cells before their injection into nude mice (Fig, 6^). A 
similar number of these HCTllS cells that were transfected for 
either 6 (Fig, 6C) or 24 h (Fig. 6D) with siRNA directed against 
either p-catenin or Tax were then injected into two groups of 
five nude mice. At 4 weeks after injection of these siRNA- 
transfected HCTl 16 cells, the size of the tumors was deter- 
mined. 

As seen in Fig. 6, C and A there was more than a 3 -fold 
decrease tn the average size of the HCTl 16 tumors derived from 
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Fig. 4 siRNA directed against p-calcnin leads to 
reduced cellular proliferation. {A, C, and E) 
SW480 and {B. A and E) HCT116 cells were 
transfected with annealed 21^mer RNA oligonu- 
cteotidcs (50 nM} directed against either APC, 
|3-catenin, or Tax or mock-transfected. A and 5, 
after 24 hj the cells were trypsinized, replaced in 
triplicate, and counted 24 and 72 h later by trypan 
blue exclusion with the SB mdicated. C and A 
HCTl 16 and SW480 cells were transfected with 
50 nM concentrations of annealed 21-mer RNA 
oligonucleotides directed against APC, p-catenin^ 
or Tax or mock-transfected {Control). At 60 h 
posttransfection^ the celts were labeled with 
[^jthymidinc for 12 h, and the amount of Incor- 
poration was determined for the same number of 
cells as described in "Materials and Methods.'* E 
and F, caspase-3 activity was assayed in HCTllfi 
and SW4B0 cells transfected with siRNAs di- 
rected against APC, p-catenin, or Tax or mock- 
transfected. The activity of caspase-3 and related 
DEVD-specific proteases was assessed by fluoro- 
scopic njeasurement of proteolytic cleavage of 
Z-DEVD-AMC to the fluorescent molecule AMC. 
The specificity of this reaction was assayed by 
measuring fluorescence in samples in the presence 
of the DEVD-specific protease inhibitor Ac- 
DEVD-CHO. Caspase activity in arbitrary units as 
measured by fluorescence of samples after incu- 
bation with substrate (P) and in presence of in- 
hibitor (□) is shown. The horizontal line indicates 
baseline fluorescence. 



SW480 



B 




HCTl IS 



24 KoiffS 7Z Hours 



SW4B0 






D 



H Hows 72 HOUJS 



HCTl 16 




APC )><iH Tax CofRnri 



HOTlte 




APC 



T4a COnltci 



B 



^ 2.5 

8 

I 2.0- 



1 



<3 0 



sw4eo 




S 2.0- 

cL 



HCTtie 




APC h'Cal Tax Conirai 



Fig. 5 siRNA directed against ^^atenin reduces 
colony formation in soft agar. (A) SW480 and (B) 
HCTt 16 ceils were transfected with annealed 21- 
mer RNA oligonucleotides (50 nM) directed 
against APC, p-oatenin, or Tax or mock-trans- 
fected and plated in media containing sofl agar at 
24 h posttransfection. At \ 0 days posttransfection, 
the colonies were counted in three different plates, 
and the averages were plotted, The reduced num- 
ber of colonies in the P-catenin group as com- 
pared with the control was statistically significant 
(P < 0.01). 



cells transfected with siRNA directed against p-catenin as com- 
pared with HCTl 16 cells transfected with siRNA directed 
against Tax. These results were statistically significant with a P 
of <0.001 and <0-05^ respectively. A Kaplan-Meier survival 
curve from an additional experiment u^ng these siRNA-trans^ 
fected HCTl 16 cells is shown in Fig, 6E. Of the five mice that 
received the HCTl 16 cells transfected with siRNA directed 
against p-catenin, two mice were still alive at 100 days after 
injection. In contrast, none of the mice who received the 
HCTn6 cells transfected with siRNA directed against Tax were 
alive at this time. 

Next, we addressed whether the i.p. injection of siRNAs 



directed against (3-catenin as compared with Tax could alter the 
growth of HCTl 16 cells in nude mice (Fig. 6F}. Approximately 
2X10** HCT116 cells were injected i.p. into two groups of nine 
mice. These mice then received i.p. injection with 250 pmol of 
either Tax or j5-catenin siRNAs^ with the first injection per- 
formed 6 h after installation of the cells^ and three additional 
iryections were administered at 4-day intervals and then weekly 
for 3 weeks. There was one early death in the p-catenin siRNA 
group in the second week of the study due to unrelated causes 
because this mouse had no evidence of tumor at necropsy. Of 
the remaining mice^ which were followed for a period of 70 
days, none of the nine mice injected with Tax siRNA were alive, 
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^''/g. tf sIRNA directed against p-cate- 
nin reduces HCTI 16 tumor growth in 
nude mic«. A, HCTI 16 cells were 
transfected with RNA oligonucleotides 
directed against APC, p-catenin, or Tax 
or mock-traijsfected. At 24 h posttrans- 
fcction, extracts were prepared and an- 
alyjied by Western blot analysis Tising 
antibodies directed against p-catenin 
and actin, B, a portion of the HCTI 16 
cells was also pulsed with [^Hjthymi- 
diiie between 16 and 24 h aft«r siRNA 
transfection, and pHJthjroidine incor- 
poration was determined. The HCTI 16 
cells (2.5 X 10^) used in A and B that 
were transfected with siRNAs directed 
against either Tax or p-catenin for ei- 
ther (C) 6 or (£>) 24 h were injected into 
five nude mice each^ as described in 
"Materials and Methods." Tumors 
were measwed twice weekly, and their 
size at 4 weeks aft^ injection is indi- 
cated. The P for difference between the 
growth of the tumors in the presence of 
Tax and p-catenin siRNA was F < 
0.05 and P < 0.00 1 , respectively. E, the 
survival of nude mice that received in- 
jection with 1 X 10^ HCTI 16 cells 
transfected with siRNAs directed 
against either p-catenin or Tax was de- 
termined over a lOO^day time period, 
and Kaplan^Meier analysis is shown. 
Mice were sacrificed when the tumor 
size reached 2.0 cm. F, two groups of 
nine nude mice each received i.p. injec- 
tion with 2.5 X 10^' HCTU6 cells and 
then received i.p. injection with 250 
pmol of siRNA directed against either 
p-catenin or Tax as described in ''Ma- 
terials and Methods." The survival of 
these mice was measured firom the day 
of the initial tumor kyection^ and 
Kaplan-Meier survival probability was 
plotted. The survival of p-catenin 
siRNA-injectcd mice as compared with 
Tax siRNA-injected mice k shown 
{P < 0.05 by log-rank test). 



whereas four of eight mice injected with p-catenin siRNA 
remained alive. Analysis of tumors from mice treated with either 
Tax or p-catenin siRNA revealed similar histology with no 
changes in the state of differentiation of the HCTn6 cells. A 
Kaplan-Meier curve indicated that these survival differences 
were statistically significant with Q.P < 0.05 (Fig. 6F). 

Finally, we addressed whether the administration of p-cate* 
nin siRNAs specifically reduced (^-catenin levels after the i.v. 
administration of these siRNA* Two groups of jfive mice, each 
bearing HCTI 16 tumors that had grown for 1 week, received i*v. 
injection with 250 pmol of p-catcnin or Tax siRNAs^ and the 
tumors were biopsied 72 h later. The p-catenin siRNA signifi- 
cantly reduced p-catenin levels as compared with the Tax 
siRNA (Fig. 7). Thus, siRNA appears to be effective in reducing 
P-catenin levels and the in vivo growth of HCTI 1 6 cells in nude 
mice when administered by either transfection or after i.v. and 
i*p. injections. 
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Fig. 7 Decreased expression of p-catenin in tumors of mice treated 
with siRNA to p-catenin, As outlined in "Materials and Methods/' 
tumor samples were collected from mice treated with 250 mol of siRNA 
directed against either p-catenin or Tax, solubilized in PD buffer, and 
subjected to Western blot analysis. Immunoblots were analyzed using 
anti-p-catenin oranti-THIB (control) antibodies at 72 h postinjection. 



Discussion 

RNAi is an important technique with which to determine 
how decreases in the expression of specific regulatory genes 
alter the growth of both normal and cancer cells. In the current 
study, we determined how decreases in the high constitutive 
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levels of p-catenin in established colon cancer cells altered their 
in vUro and in vivo growth. Mutations in multiple components of 
the Wnt pathway including APC, p-catenin, and axin can result 
in increased levels of p^catenin (2, 5). The increased levels of 
p"Catenin frequently found in both premalignant and malignant 
cells are associated with increased rates of cellular proliferation 
(5, 23). Moreover, modest overexpression of P-catenin in epi- 
thelial ceils leads to increased proliferation and can result in 
transformation (21-23). 

In our study, the fLtnctional consequences of RNAi-medi- 
ated decreases of p-catenin in established colon cancer cells 
were determined using assays of p-catenin-dependent gene ex- 
pression> cellular proliferation, and in vitro and in vivo assays of 
tumor growth. In addition to mutations of ^-catenin and APC, 
the cell lines used in this study have mutations in a variety of 
other cellular regulatory genes such as mismatch repair genes in 
the case of HCTl 1 6 and p55 in the case of SW480 (25). Because 
mutations in the Wnt pathway leading to elevated levels of 
P-catenin frequently occur at an early stage of the neoplastic 
process, it was not clear whether reducing its expression at later 
stages of this process would decrease either cellular prolifera- 
tion or tumor formation. Our analysis indicates that decreases in 
the levels of p-catenin in established colon cancer cell lines 
decrease proliferation by a mechanism that does not depend on 
increased apoptosis. Although it has been reported that down- 
regulation of signaling by P-catenin and TCF/LEF correlates 
with differentiation of Caco-2 cells in cell culture (26), histo- 
logical analysis of the HCTl 16 xenografts did not demonstrate 
that siRNA directed against p-catenin resulted in increased 
differentiation of these ceils.^ These results suggest that reduc- 
tions in TCF/LEF signaling may be associated with cell type- 
specific effects- In summary^ our results demonstrated that re- 
ductions in p-catenin levels in established colon cancer cell 
lines decrease colony formation in soft agar and result in pro- 
longed decreases in the growth of these cells when implanted 
into nude mice. These studies support a role for a p-catenin as 
an important factor in increasing the proliferation of established 
colon cancer cells and as a potential target to inhibit the growth 
of these celts. 

Recent work suggests that after Wnt signaling, the dcphos- 
phorylated form of P-catenin is preferentially increased to result 
in higher levels of p-catcnin-dependent gene expression (27). 
These data suggest that the p-catenin mutants in NH2''terminal 
phosphorylation sites may have properties that differ from wild- 
type p"Catenin. Targeted disruption of wild-type or mutant 
^-catenm genes in HCTl 16 cells was used to further character- 
ize these alleles (28)» This analysis revealed that tlie mutant 
p"Catenin protein, as compared with the wild-type protein, ex^ 
hibited decreased association with £-cadherin, had increased 
nuclear localization and transcriptional activity, and resulted in 
enhanced growth of cells when plated at low densities. How- 
ever, disruption of the mutant p-catenin allele alone did not 
prevent the growth of HCTl 16 cells either in culture or in nude 
mice. Thus, disruption of the mutant ^-catenin gene reduced the 
ability of HCTl 16 cells to form colonies in cell culture under 



specific conditions, although it was not essential for the growth 
of this established colon cancer cell line. It is important to note 
that in our studies, transfection of siRNAs reduced the amounts 
of both the wild-type and mutant p-catenin proteins and thus 
likely resulted in more severe decreases in p-catenin protein 
levels with greater effects on cellular proliferation than seen in 
targeted disruption of these individual alleles* 

Because mutation of different components of the Wnt 
pathway including p-catcnin, APC, axin, and protein phospha- 
tase 2A can lead to p-catenin overexpression in cancer cells 
(3-6, 14), siRNA can be used to decrease p-catenin levels that 
result from mutations in different components of the Wnt path- 
way. For example, the elevated levels of p-catenin in SW480 
cells resulting from mutations in the AFC gene could also be 
targeted by siRNA directed against P-catenin, It was also inter- 
esting to note that siRNA directed against p-catenin resulted in 
alteration in the mobility of APC when analyzed by Western 
blot analysis. It seems likely that p-catenin binding to APC may 
either directly or indirectly alter APC phosphorylation or other 
posttranslational modifications as has been noted previously 
(29). 

Antisense oligonucleotides have also been shown to inhibit 
p-catenin-dependent gene expression (30). Thus, questions arise 
about the relative efficacy of RNAi as compared with antisense 
oligonucleotides to decrease p-catenin-dependent gene expres- 
sion. In this previous study, only 1 of 12 phosphorothioate 
oligonucleotides directed against p-catenin was able to decrease 
its protein expression by 80% (30). In contrast, siRNA targeting 
against multiple regions of p-catenin and a variety of odicr 
proteins demonstrated that approximately half of these siRNAs 
could result in 80-90% decreases in the level of this protein.^ 
Furthermore, we found that a 2 fXM concentration of phospho- 
rothioate oligonucleotides was needed to significantly reduce 
the level of p-catenin, whereas the transfection of only 20 vim 
siRNAs directed against the same sequences in the ^-caiemn 
gene resulted in similar reductions in the level of this protein.^ 
These results suggest potential advantages of siRNA as com- 
pared with phosphorothioate oligonucleotides for cell-based 
studies to reduce gene expression. 

Our in vivo data suggest that siRNAs may have therapeutic 
potential for inhibiting the expression of genes that enhance the 
growth of tumors. Both transfection and in vivo administration 
of siRNAs directed against p-catenin led to reduced prolifera- 
tion of HCTl 16 cells in nude mice. The ability of siRNAs 
directed against p-catenin to result in prolonged suppression of 
p-catenin levels in cell culture and reduce the in vivo growth of 
HCTl 16 cells when transfected for as little as 6 h suggests that 
RNA oligonucleotides are likely relatively stable in the cell, A 
variety of other genes such as HER-2/rteM, c-m>'C, ^c/-2, and 
specific components of the NF-kB pathway diat are overex- 
pressed in cancer cells may also be targeted by RNAi in an 
attempt to reduce their levels and thus decrease the proliferation 
of tumor cells (31). The ability to modify RNA oligonucleotides 
so that they are more stable in vivo will likely be necessary 
before adopting this technique for true in vivo therapy. In 



^ U. Venna and R, B. Gaynor, unpublished observations. 
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summary, RNAi has been used in this study to demonstrate that 
reductions tn (J-catenin levels can reduce tumor growth under 
both in vitro and in vivo conditions. Given its specificity and the 
lower concentrations needed to inhibit gene expression as com- 
pared with those required for antisense oligonucleotides, RNAi 
may have potential therapeutic utility in a variety of disease 
states. 
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Inhibition of respiratory syncytial virus infection with 
intranasal siRNA nanoparticles targeting the viral NSl gene 

Weidong Zhaiig^'^^ Hong Yang-, Xiaoyuan Kong^^^, Subhia Mohapatra^, Homero San Juan-Vergara-, 
Gary Hellermann^ '2, Sumita Beheta"*, Rajeswari Singam'*, Richard F Lockey^*- & Shyam S Mohapatra'^^ 

Respiratory syncytial vims (RSV) infection is one of the major causes of respiratory tract infection for which no vaccine or antiviral 
treatment is avrallable. The RSV NSl protein seems to antagonize the host interferon (IFN) response; however, its mechanism is 
unknown. Here, we used a plasmid-borne small interfering RNA targeting the NSl gene (siNSl) to examine the role of NSl in 
modulating RSV rnfection. RSV replication was reduced in A549 cells, but not IFN-deficientVero cells, transfected with siNSl. 
siNSl induced upregulated expression of IFN p and IFN^nducible genes in A549 cells- siNSl-transfected human dendritic cells, 
upon RSV infection, produced elevated type-1 IFN and induced differentiation of naive CD4-f T cells to T helper type 1 (THl) 
cells. Mice treated intranasally with siNSl nanoparticles before or after infection with RSV showed substantially decreased virus 
titers In the lung and decreased inflammation and airway reactivity compared to controls. Thus, siNSl nanoparticles may provide 
an effective inhibition of RSV infection in humans. 




RSV is a major viral respiiarory pathogen and produces an annuul 
epidemic of respiratory ilbess causing bronchiolitis and otitis media 
in infants and young children and pneumonia in aduits and the 
elderly^-^^ During 199I-I998» RSV was associated annually wit]^ over 
17,000 deaths^. Immunodeficienc}', cardiac arrhythmia and congenital 
heart disease are risk fiictors for more severe diseases with RSV infec- 
tion^*"** An effective vnccine is not available for RSV and may not even 
be pracdcal given die immunocompromised state of the target high- 
risk population, the incomplete immunity developed even by natural 
RSV infeclion and its short incubation peiiod^'''*. Consequently, DNA- 
based prophylactics are under investigation 

RSV is the prototyi.?ic member of the genus Pnettmovirus and is an 
i^nveloped, nonsegmenled, negative-stranded RMA virus. The RSV 
genome of approximately 15*200 nucleotides is transcribed into 10 tran- 
scripts encoding 1 i distinct proteins, including 2 nonstructural proleins> 
NSl and NS2» which are expressed from separate niRNvXs encoded by 
the first and second genes, respectively' ^ Deletion of either NSl or NS2 
severely attenuates RSV infection in vivo and in vitro, indicating that NS 
proteins have an important role in viral replication'-"'^ Furthermore, 
repeated RSV infections arc common as a result of the incomplete immu- 
nit)f caused by natural infection, the basis of which Ls poorly understood'*^ 
RSV infection was shown to be associated with a predominantly T helper 
type 2 (r]|2)-like response in infanls^^, although results of studies in 
children have been inconsistent. Hence> RSV is considered a predisposing 
factor for the development of allergic diseases and asthma'**-'*^ 

IFNs ailenuate RSV replication and also have therapeutic value 
against allergic diseases, including asthma-'*""- We and odiers have 



developed itt vivo intranasal gene delivery approaches using nanoparti- 
cles composed of chitosan»a natural, biocompatible and biodegradable 
polymer-'"-*'. Because bovine and human RSV NSl seem to antago- 
nize the type-1 IFN -mediated antiviral response-^~-^» we reasoned 
that blocking NS gene expression might attenuate RSV replication 
and provide an effective antiviral and immune enhancement therapy 
The short interfering RNA (siRNA) approach has proven effective in 
silencing a number of genes of different viruses^'^ Here we used this 
approach to examine the potential and mechanism of siNSi to inhibit 
RSV replication in cultured human epithelial cells, modulate immunity 
against RSV in human dendritic cells and attenuate RSV infection in 
mice . The results show that siNS! -mediated silencing of the NSl gene 
substantially suppresses RSV replication and modulates host immunity 
to RSV ijifection compared with control groups 

RESULTS 

siNSl inhibition of recombiant RSV infection 

Two different siRNA oligonucleotide sequences for RSV NSU siNSl 
and siNSla» and control siRNAs against HPV18E7 (siE7) and influ- 
enza virus PB2 (siPB2) were designed and cloned into the pSMWZ-1 
vector^. Analysis of EGFP expression in A549 cells cotransfected with 
pEGFP and siNSl, siNSla, siE7 or siPB2 showed that none of the siR- 
NAs silence the EGFP gene {data not shown) Immunoblotting results 
showed that pretrnnsfection of A549 cells with siNSi, but not siE7> sub- 
stantially reduced the expression of NSl proteins (Fig, la} but not that of 
other viral proteins (data itot shown) nt 24 h after infection with a recom- 
binant RSV expressijigGFP (rgRSV)-^^ To test whctlier siNSl aUenuates 
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virus infection, we tninsfecled A549 cells nnd l)T?e- 1 lFN~^cilcienl^^^ Vero 
cells with tlie siNSl, siNSl a or control sillNAs, and then infected them 
with rgRSV. The results of flow cytometry showed a significant (jf^< 0 01 ) 
decrease in tlie percentage of cells expressing EGFR In marked contrast to 
A549 cells, siNS I and slNS I a did not dccreiise viral replication in Vero cells 
iis compared to controls {Fig. lb). Furthermore, plaque assays for RSV 
litets in culture supernntants indicated that siNSJ signilicantly decreases 
(P < O.OI) rgRSV titer compared to controls in A549 but not Vero cells 
(Fig. k) Plaque assays using siNSla gave results similar to those from 
siNSl (data not shown) .Together, these results indicate thai siNSl attenu- 
ates RSV infection in a gene-specific fashion, and this attenuation may 
involve modulation of the type- \ IPN pathway by NS I 

fi/iechanism of sINSl-mediated upregufation of the type-l IFN 
pathway 

The finding that RSV infection of A549, but not 
Vero^ cells iii affected by siNS treatment suggests 
a role of NSl protein in the promotion of RSV a 
infection by inhibiting the type-1 IFN path^vay, 
To verify whether NSl decreases type- 1 IFN,wc 
examined die expression of IFN-p by immu nob- 
lotting, The results show that A549 cells trans- 
fected withsiNSI or siNSl a, upon I^V infection, 
produce substantially increased amounts of 
IFN-p, compared to the different controls, 
including unrelated siRNA with no homology 
to mammaliaji genes (siUR) (Fig. 2 a,b) To 
further examine the role of NSl in regulating 
the IFN pathway, we isolated RNAs from con- 
trol and siNSI-transchtced cells and subjected 
them to microarray analyses Fhe resuhs show 
that SiNSl ticatmcnl: increased the expression 
{>6-fo!d change) of 25 IPN-induciblc genes 
compared to rgRSV infection alone (Tabic 1 )» 
and wc investigaled the expression of a number 
of altered genes by western blotting The results 
show that the phosphorylaied STATl {Ser727), 
STATU IRFi, 1RF3, ISGF-Sy and MxA proteins 
were upregulated alter siNSl inhibition (Fig, 2c). 
To determine whether NSl affects STAT I and 
IRFi translocation in A549 cells, we infected 
transfected cells with wild-type RSV (MOl = 
01), fuced them 3 h later, permeabilized them 
and stained them with appropriate antibody 
Cells treated with siNSl showed significantly 



higher nuclear localization ofphosphorylated STATl and IRFl compared 
to controls (P < 0 05 and P < 0 0 h respectively; Fig. 2d,e), suggesting that 
the NSl protein biocla trafficking oftihese proteins into the nucleus 

Silencing NSl polarizes human DCs toward a T}^! -promoting 
phenotype 

Mojiocyles isolated fi'om human peripheral blood were cultured 
\vitli requisite cytokines to lest whether siNSl expressioji affects RSV- 
infectcd dendritic cell (DC) activity Thus, we measured die concentra- 
tion of IFN- a and IFN-p in the siipernatants from cultured, infected, 
iiionocyte~de rived DCs transfected with siNS I or control siRNA, 
The data show tltat siNSl treatment induced a significantly higher 
(P < 0 05) production of both type-1 IFNs in infected DCs than the 
control stllNA (Fig, 3a). Further more, to assess the effect of siNSl - 
treated DCs on T-cell function, we cultured allogenic naive CD4^' 
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Figure 2 siNSl -mediated altenuatmn of RSV infection involves upregulBled expression of IFM-15 and 
IFN-inducib1e genes in infected A549 cells (a) Immunoblot analysis of IFN-|3 protein expression 
at 24 li after infection with rgRSV (b) Protein bands were scanned using the Scion image system 
(US National Institutes of Health) to quantify data in a (c) Immunobiot analysis of the expression 
of IFN-inducible genes 3 h after RSV-infected A549 cells For esch, the results of one experiment 
of two performed with similar results are sfiown. (tt) NSl protein prevents nuclear import of IRFi 
and STATl Ttie nuclear locai*zation of the IRFl and STATl proteins in ceffs was ej^amined by 
indirect immunofluorescence using corresponding antibody and visualized and photographed under a 
fluorescent microscope (e) The percentage of positive cells was determined from 100 cells per field 
Data are mean ± s d from two separate experfments *P < 0 05 and **P < 0 01 relative to controi. 
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T cells with RSV-infected DCs treated witli or 
without siNS i The results of intraccliuliir cyto- 

kijiesttmiing showed an increase in IFN-yand a 
decrease in IL-4 secretion in naive CD4'' T cells 
after tlie/ were cultured with siNS 1 -treated, RSV~ 
infected DCs, compared witJi controls (Fig. 3b) 



Table 1 irN^nducibie genes change more thaa sixfoid m RSV-infected A549 ceils 
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Nanoparticfe-complexed siNS 1 {nano- 
slNSl) significantly attenuates RSV 
infection and pulmonary pathology in mice 

To determine whether siNS 1 exerts an antivir al 
response in vivo in BALiVc mice, we compicxcd 
the siNSi pliismid (10 g per mouse) vvith a 
nanochitosan polymer (50 ).tg), referred io 
as Nanogenc 042 (NG042) Wc achiiinisteted 
the nanoparticlcs i\s a nasal drop 2 d before 
viral inocuhttion. NSI expression in the lungs 
{n ^ 6) mice was assayed by RT^PCR 18 h 
after infection siNSl substantially knocked 
down expression of the HSV NSI gene but 
not the RSV F gene (Fig. 4a), The viral titer 
in supernntants of homogenized hmg^ (u = 8) 
was also significantly decreased in the siNS I 
treated mice compared to controls (P < 0 05; 
Fig. 4b) We challenged the^e niice (» = 8) 
with methacholine at day 4 following rgRSV 
infection. RSV-infccted mice showed a >400% 
increase in enhanced pause values compared 
to baseline and a 30{)% increase compared to 
the SiNS I group {Fig. 4c) Mice treated vvith 
siNSl showed significantly lower (P < 0 05) 
AHR than that of untreated mice and showed 
a considerable reduction in pulmonary inflani- 
malton, as evidenced by decreases in the gob- 
lei eel! hyperplasia of the bronchi and in the 
number of infiltrating inilammatory ceils in 
the interstilia! regions compared to controls 
{Fig. 4d). To assess IFN-p expression in the 
lung tissue of mice treated with siRNA 2d 
before viral inoculation, we extracted total 
RNAs from ench group of animal 24 h after 
infection {» = 6 per group) and assayed them 
by RT-PCR. Kiiockdown of the RSV NSi gene significantly increased 
IFN-[i expression in the lung compared to controls (P < 0 05; Fig, 4e,f) 
Examination of IFN-cx levels In the bronchoah'eolar lavage fluid by 
ELISA showed a twofold increase in H-N concentration in siNSi-treated 
mice compared to control mice (data not shown). 

Potential of Nano-slNSl for prophylaxis and treatment of HSV 
infection 

To investigate the persistence of siNSl prophylaxis, we treated mice 
witii the NG{)42-siNSl complex at 2, 4 or 7 d before viral inoculation 
Analysis of viral titers 5 d after infection showed that the prophylactic 
effect of siNSi can last for at least 4 d, ahhough treatment at day -7 
still lowers viral titer by I log|^ compared to the control (Fig. 5a) To 
test whether prophylactic blocking of NSt activity can induce an ti- RSV 
IninHsnity and provide protection from reinfection, we administered 
the NG042-siNSl complex to mice^ inoculated them with RSV (5 x 
10^' plaque-forming units (pi u )/mouse) 2 d later and then rcinocu- 
lated them with RSV { I x 10' ptu /mouse) after 16 d. Cellular immu- 
nity induced by RSV at 5 d after infection was examined in these mice 
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signal transdiicer and activator of transcription 1 
intederon regulatory factor 1 
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(interferon induced transmembrane protein 3. 
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SPl 10 nuclear body protein (inlerferon-induced 
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'^V^luu for ihc fold change in expression cnlctilaled by the Microijfray Stiile 5 Q (MAS 5.0) program. ^^Thcdnla wefc compared to 
{arrays ai rgRSV-miectud AS49 cells cUhcr witli or without s$NSl Ireatmcnl I. increased; NC. not changed; D decreased 



by intracellular cytokine staining of splenocytes for IFN-y «n<^ IL-A. 
Splenocytes of mice treated with NG042™siNSl showed an increase in 
IPN-y production in both CD4^ and CD8 ^ T cells and also increases in 
iL-^ production in CD4^' T cells cojnpared with controls (Fig. 5b,c). 
Examination of virus titer following secondary ijifection showed that 
mice treated witli NG042"SiNSl showed a significtmt decrease in the 
viral titers compared to control mice (P < 0-05; Fig, 5d). Tiuts» pro- 
phylaxis with siNS! enhanced ceiluiar immunity and attenuated the 
secondary RSV infection 

To test the therapeutic potential of NG042-siNSl, we administered 
the NG042-siNSi complex to mice at day 0 along with RSV inoculation 
or atday 2 or 3 after infection Mice treated the same day as inoculation 
or at 2 d after RSV infection showed a significantly lower viral titer 
compared to controls {P< 0 05; Fig,5e) Treatment with NG042-siNSI 
3 days after inoculation also decreased virus titer^ albeit marginally, 
Further^ lung sections of mice treated with NG042-siNSl 2 days after 
RSV infection showed a substantial decrease in lung in^lanlmation, 
goblet cell hyperplasia and inftU ration of tntlammatory cells compared 
to control mice (Fig.Sf)- 
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figure 3 Effect of siNSl on human DCs and naive CD4^ T cells 
(a) Expression levebof IFH-a m6 IFN-p pro^eid in RSV-infected DCs, 
treated with or without siMSl were measured by ELISA P < 0 05 for sINSi 
versus siE7 (b) Flov/ cySomelric analysis of intracellular cytokine production 
in allogenic naive CD4 ' T ceils after cocuitufs with RSV-infected DCs, 
treated with or without sINSl Results shown are from one representative 
experiment of three repeats 
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DISCUSSION 

Although the human RSV NSi protein has type-1 IFN-antagonistic 
effects, the mechanism remains unknown This report underscores 
the substantial role of NSI in RSV replication and immunity to RSV 
infection These studies show that the NSl protein downreguliUes the 
IFN-signaling system by deactivation ofSTATl, IRFJ and IFN-regu- 
lated gene expression, which are critical to suppressing IFN action 
Furthermore, the results show the potential for nanoparticles encapsu- 
iating siNSl for the pr ophylaxis and treatment of RSV infections 

Vector-driven dc mvo expression ofsiRNA lo attenuate RSV infection 
has not yet been reported, although antisense 
oligonucleotide-mediated attenuation of RSV 
infection in African green monkeys has been 
reported^-\ The potential of this approach 
remains uncertain as the effects of these oli- 
gonucleotides were measuied at the very early 
stage of infection {/ c ^ 30 min after RSV chal- 
lenge) Mechanistically^ both antisense and 
siilNA work post- transcription ally to reduce 
expression of the target gene The antisense oH- 
gonucleotides accumulate iJi the nucleus and 



may alter splicnig of precursor mRNA^''^"^^ In contrast, siRNAs exert 
dieir effects in the q^oplasnr^^, which is the site of RSV replication. Also^ 
intracellular expression from RNA polymerase lU promoters enables 
the production of stably expressed si RNA in the cell with sustained 
knockdown of the target, and lience, lower concentrations arc needed 
to achieve levels of Icjiockdovvn diat are comparable to ihose from anti- 
sense reagents. 

We demonstrate in this report that DNA-vcctor driven siNS 1 expres- 
sion is capable of considerably attenualing RSV inlectlon of human 
epithelial cells» which are the primary targets of RSV replication We 
used A549 epithelial cells, as they are similar to cultured primary airway 
cells in tenrss of their susceptibihty to RSV^^. The transfection efficiency 
of the construct as assessed using plasmid pBGFF was 43 2!% and 
49 62% in A549 and Vero ceils, respectively Despite this, the siNSi 
plasmid inhibited rgRSV production by 90-97%, which Is consistent 
with a 2- to 3-logK)^^j decrease in RSV tilers. Furtliermore, ivvo differ- 
ent siRNA constructs targeting NSl showed almost identical results. 
Although the mechanism of the siNS 1 -mediated decrease in viral titers 
was not invesdgated, it maybe attributed to the fact that NSl, located at 
the 3 ' end of the viral genome, acts as a common early-stage promoter 
for the initiation of both replication and transcription"^**. These results 
are consistent wiili repoits that suggest that deletion of NSl strongly 
atteiumtes RSV infection in vivo and suggest the potential appli- 
cation of siNS 1 for piophykixis against RSV infection 

We investigated the mechanism of siNSl -induced attenuation of 
vital replication lb estabh'sh that the antiviral effects ofsiNSJ arc the 
result of the modulation of the IFN pathway, we used Vero cells that 
lack the type-1 IFN genes and compared them with A549 cells Whereas 
A549 cells showed considerable siNSl - or siNS la-induced decreases in 
rgRSV-infected cell numbers and virus titer s, we saw no effect of siNSl 
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Flgure4 siNSl exhibits antiviral activity in 
vivo, (a) Detection of NSl gene expression 
using RT-PCR at 18 h after infection with 
rgRSV (b) Determination of viral lung titer 
using plaque assay on A549 cells *P < 0 05 
relative to control (c) Airway responsiveness 
to inhaled methachoHne (MCh) was measured 
in mice infected with rgRSV following 2 d after 
prophylaxed with NG042-plasmid complex 
The results are expressed as percentage of 
Penh (enhanced pause) after inhalation of 
methacholine relative to phosphate-buffered 
saline ^ P < 0 05 compared to control 

(d) Histology of fung sections of mme treated 
as in c (staininE with hematoxyMn and eosin) 

(e) Detection of Ifnbl gene expression m lung 
tissue ysing RTPCR at 24 h after infection with 
rgRSV (!) DNA bands were scanned usir^g the 
Scion image system {tJS hJalionai Institutes of 
Health) to quantity data in e *P< 0 05 relative 
to control 
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or siNSl» in Vero cells Also, in parnliel stud- 
ies, Vcro cells coiransfected with pEGFF and 
5iEGFE^, noi siNSI> showed substantial iaiock- 
down {9 1 68%) of EGFP gene expression (diUa 
not shown). These results show a definitive role 
orsiNSl and siNS la in the attenuation of RSV 
replication and implicate the type-1 IFN path- 
way in this process 

n-Hs drive a cascade of intracelluiar signal- 
ing, resulting in the expression of a brge num- 
ber of interferon-iitimiiiated genes (ISGs) that 
exert the plciotropic effects of IFN, including 
interference with viral replication and modu- 
lation of the host immune response^'^ The 
level o( expression of IFN-uiducible genes in 
infected A549 ceils treated with siNS 1 was con- 
siderably altered* as sl^own by the micmarray 
data . {RF3 and MxA expression were upregu- 
lated after NSl inhibition, in agreement with 
a previous report on bovine USV-*', although 
STAT2 levels were not changed In addition, 
expression of STAT \ , IRF 1 , and 1SGF-3Y, were 
substantially upregulaled in our studies com- 
pared to control I RF 1 may have an iinportant 
role in human RSV infection because it func- 
tions as a transcriptional activator '^^ and binds 
to the positive regulatory domain I of the 
IFN-P promoter"" and to the IFN-sitmulated 
response element of IFN-stimtilated genes^-. 
ISGF-3Y encodes a prolcln-interaction func- 
tion that allows recruitment of ST ATI and 
STAT2, their translocation from the cytoplasm 
to the nucleus and initiation of transcription 
of IFN-stimulated genes*^^ Furthermore, results show that both the 
IRF I and phosphorylatcd STATI proteins translocate to the nucleus 
of infected A549 cells through knockdown of the NSL protein, which 
suggests that NSl targets activation of STATt and IRFL 

An important findingof this study is that siNSl and siNS la induced 
substantially higher amounts (a threefold increase) of IFN-fi compared 
to controls, incUiding siFJor siPB2 (expressed from the same piasniid 
vector backbone as siNS 1 ) and the unrelated sMlNA, indicating that NSl 
is iiivolved in aniagojiizing 1 IFN These results are in agreement 
with the increases in IFN production observed with NSl/N$2-'deIeted 
human RSV infcction-^"^*^ li is noteworthy, however, that compared 
to RSV^nfected cells, cells trajisfected with either the vector plasmid 
or with silWA targeting different viral antigens or an unrelated siRNA 
showed a slight increase of IFN-P production foOowing RSV infection 
This may be attributable to plasmid-drivcn siRNA-induccd IFN-stimu- 
lated genes, including PKR and OAS""''*\ to CpG motilis {amp'' gene) 
present in the vector plasmid that activate innate immunity by binding 
to TLR9 (ref 45), or fo the U6 promoter- vector, which induces a higher 
frequency of interferon-stimulated genes compared to lentiviral HI 
vectors'^' The vector or control slRNA-lnduced IFN production also 
upreguhUes certain IFN- inducible genes, particularly those encoding 
STATI and IRFl and IRF3, which might account for the finding that 
siE7 orsiPB2 reduced rgRSV production by about I log|o»; vitro But 
siNSl induces a considerably higher level of expression of these iSGs, 
including MxA and ISGF-Sy, and, in addition, promotes phosphoryla- 
tion of STATI 

Whereas epithelial cells are the major target cells in which the virus 
replicates, monocytes and DCs have a role in generating anti-RSV 
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Figure 5 Prophylactic and Ihefapeutic poleatiat of NG042-siNSl ^a) Measurement of viral lung titer 
in the mice given prophylactic treatment at 2, 4 or 7 d before RSV infection using plaque assay on 
A549 cells *P<0 05 relative to control {h,c) Inlracellular cytokine production in spleen T cells in 
the mice at 5 d after secondary infection, which were administered prophylactic treatment at day -2, 
inoculated with rgRSV at day 1 and day 16 (d) Measurement of viral iung liter from rechallenged mice 
(1 X 10^ p f u /mouse) at day 5 after secondary infection *P< 0 05 compared to control Results of 
one experiment of two representative experiments are shov/n (e) Analysis of lung RSV titers at 5 d 
after infection by plaque assay on A549 ceNs of mice treated with siRNA after different days of rgRSV- 
inoculation as indicated *P< 0 05 relative to control (f) Histology (staining with hematexyiin and 
eosin) of iung sectiop>s of mice treated with MG042-siNSis, control siRNAs, or NG042 alone, al day 2 
after infection 



immunity Monocytes have a role In the pathophysiology of RSV bron- 
chiolitis'*', and they represent a pool of circulating precursors capable 
of difi^rentiating into DCs that are able to present pathogen-derived 
peptides to naive T ceils NSl seems to decrease type-1 IFN production 
in DCs, presumably alTecting their slate of activation and antigen pre- 
sentation, Die results of these studies show that RSV infection decreases 
the capacity of DCs to induce IFK-y in naive T cells^", which might 
cause the delayed RSV-spccific immune response and permit multiple 
RSV reinfections Thus, infected DCs treated with siNSl produce much 
more iype-1 IFN and also drive naive CD4"^ T cells toward Tj-jl-typc 
lymphocytes that generate more IFN-y and less 11-4 

The effects of siRNA have been amply shown in cultured cells But 
only a few studies have addressed the potential of siRNA-based thera- 
peutics in vivo using model animal systems^ A notable result of this 
report is that a new generation of oligomeric nanometer-size chitosan 
particles, NG042, can be used for dc novo expression of siNSl in the 
lung tissues that results in protection ft'om RSV infection NG042 shows 
higher transduction efficiency and induces less inflammation com- 
pared to classical high molecular weight chitosan {data not shown) 
The results of studies on the prophylactic potential of NG042"SiNSl 
indicate that siNSl induces substantial protection from rgRSV infec- 
tion, infection-induced inflammation and airway reactivity, and the 
protective effect lasted for at least 4 d Furthermore, even a single- dose 
prophylaxis with NGD42-siNSl considerably inhibits reinfection in 
mice that aic administered a higher dose of RSV 16 d after primary 
infection The precise mechanism of enhanced protection is unknown, 
but it is probable that knockdown of the NS I gene augments a nti- RSV 
host Immunity through enhanced IFN production and thereby prevents 
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mice liom RSV leinfectbn In additioji, NG042-'SiNSI also attenuates 
established RSV ii^fectioiv Tlius, the iintiviral treatment decrea.sed viral 
titer in the lung, improved pulmonary function and attenuated pulmo- 
nary inflammation in igRSV-infectcd mice 

In conclusion, our data show thiu NSl piomoles virus in&ction of 
human epithelial and dendritic celkby inhibiting the type-l I FN path- 
way. Treatment with NG042-siNSl cither before or after RSV infection 
substantially nttenuates RSV infection and infection-induced pulmo- 
nary pathology in mice, Tlius, siNSi nanoparticles may prove to be a 
potent, new prophylactic and/or therapeutic agent against RSV infec- 
tion iji humans 



IVIETHODS 

Virus and cell iines,A549,Vero cell lino and RSV strain A2 were obtained from 
Ihc American Type Culture Collection Recomblimni rgRSV which encodes 
green fluorescent protein was supplied by M E Pceples^^ 

Plasmtd constructs^ The nucleotide sequence for each ^iKNA 1$ as follows: 
siNS 1 : 5 -GG C AGC A AT TO AI TG AGTvVfGGT FC I CG AAATAAGC ATACTC A 
ATGAAITGCTGCCTTTTTGO'; siNSIa: 3 -GTCrGCCaGATAACAATAr 
rCAAGAGATAlTGITATCAGGGCACACl r-TTlTG-3"; siE7: 5'-GAj\AAC 
GATG;\AATAGArGT ICMGAGACATCrArnCATCGTTrrcr- 1 f l 11-3 ; 
siPB2: S -GGCTATATTCAArArGGA^UGAiVClCGAGTTTTGTTCrrTCCA 
TATT-GAAf ATAGCCTTTTTG-3'; and siURj S'-GGl CACGArCAG/UTACT 
ICGCTCGAGCG;UG^rATICTGATCGTGACCCnTrTTG-3 Kachpairof 
oligonuclcoiide sequences was inserted into pSMWZ-l plasmid ai appropriate 
siies rcspeclively, to generate the corresponding siRNA for USV NS I , HPVj^ E7i 
typo A Influenza virus PB2 and ptiil 

DNA transfcclion and virus infection. Cells were transfccied with siNSl or 
controls (siE7, siPB2 or siUR) using lipofecluminc 2000 reagent (invitrogen) 
We infected cells 2*1 h later with rgRSV or RSV al appropriate mulliplicily of 
infection We used the pEGFP plasmid (Siraiagene) for measurement of Irans- 
feclton efficiency 

Flow cytometry. To quantify rgUSV-mfecled cells, cells were harvested and 
scored for GFP-i>osiiivo colls by How cytometry with appropriate liatinj* and 
proper conlrols at ihc Moffiii Flow Cylomeiry Core Addiiionii) How cytonjetry 
analyses were conducted utiliiiing fluorescent -labeled antibodies 

UoIaUon of DCs from human peripheral blood ond mcnsuremenl of IFNsin 
supcrnaiants of infected DCs, Monocytes piirilled from PliMCs using mono- 
cyte isolation Kit II (Miilenyi Biolcc ) were seeded into 6-we!l culture pl.Uts 
supplemented with 200 ng/ml and 50 ng/ml GM-CSF (liD Pharnungen) 
and cuUured for 6^7 d for plasmid transfeciion and infection wilb RSV. We 
assayed expression of IFNs in the supurnalants by IFN-a MuUi-Spccies 131 ISA 
Kit and IFN^p ELISA kit (PBl Biomedical Laboratories) 

Analysis of inlraceilular cytokine proUuciion in T cells Human naive CD4+ 
T cells (I X U)^"* cells/well) purified usin^CD^'^ T cell isohition kit (Mlltenyi 
Biotec ) from umbilical cord blood were coculiu red witii irraiiiatcd monocyte- 
derived DCfi (30 Gy) (1x10^ cells/well) in 2'1-well plates lor 6 d with addi- 
tlom] culture for 8 d in the presence of recombinunt Inimnn !L-2 ( H) ng/ml) 
We cuiiured mouse spleen T cells purilled using mouse T-ccli enriclimem col- 
umn kit (R&D Systems) in 6- well plates for 4 d Fiimlly, cells were slimiiiiUed 
with phorbo]-l2-myrisiine-13-;icei;Ue (50 n(»/ml) and lonomycin (500 ng/ml) 
(Sigma) for 5 h in the presence ofGolgiSlop (PbarMingen) and then fixed and 
stained ihcni using CDS or CD4 monoclonal antibody (BD Biosciences) for 
How cytometry analysis 

Immunofluorescence, A5 19 cells were fixed with 2% paraformnldehydej per- 
meabilized with 0 \% Triton X-IOO and blocked with 3% donkey scrum in 
pliosphiUc-buffered sidinc containing 1% glycerin for 60 min We nexi incubated 
cells with IRFl antibody (Santa Cruz Biolcc ) orpl^osphorylated SFAIl (Ser727; 
UpstiUe), respectively, and then with Zcnon Alexa Fluor 48B (Molecular Probes) 
The slides were visualised by immunofluorescence microscopy. 



Plaque assay. We added leiifold serial dilutions of ihcsup^rnaiants lo a mono- 
layer of A54g cells and replaced the medium in each well of six-well cuiturc 
plalefl by an agarosc-conlaining overlay (2x DMHM, 10% fetal bovine serum, 
1% low melling point agarose (Gibco BRI. )) The plales were incubaicd al 37 "C 
for 5 d Afterward, wc added l')ti neutral rod (Sigma) and coiuited ihc pbques 
^8 h later 

Microarray assays. Total UNAs were cx-tracted by Qiagcn RNeasy Kit We used 
10 pg of loial UNAS lo prepare cDNA Gene exprewSon was analyzed with 
GencChip HumLm Genome U95Av2 probe array (Affymetrix) according lo the 
manufacturer's protocol (Hxprcssion Analysis Technical Manual) Weperformed 
data analysis xvilh Microarray Suite 5 0 {MAS 5 0) 

Protein expression analysis by western blotting. Transfecled A5^f9 cells were 
infected with rgRSV (MOI =1) We performed electrophoresis on the whole 
cell lysates using !2% polyacrylamldc jjels and transferred the proteins to PVDP 
membranes (BIO- RAD) The blol ^vus incubated separately widi RSV polyclonal 
antibody (ABI 128, Chemicon Inl ), S lATl, phoshphorylated SFAri ( Tyr70l ), 
STAT2, IRFl, IRr3, IRF7, ISGFOyand IFN-P (Santa Cruz), phosphorylaied 
STAT 1 (Scr727, Upsiaie) or MxA antibody (O Hnllcr) immunobloi signals were 
developed by Super Signal Ultra chemtlumincsccnl reagent (Pierce) 

Studies in mice. Animal studies were approved by the University of South l-lorida 
and Veleriins'Aflairs Hospital lnsiituiionab\nimal Qireimd Utili;£alion Consmitiee 
Ail animal studies were blinded to remove investigator bias We ndministered pbs- 
mid (10 fig per mouse) with NG043 (50 per mouse) ( TransGenex Nanobiolecb 
Inc) intranasjiUy lo 6-weck^old female BAlB/c micti {Charles River, ;? = 8 per 
group) before or after inoculation with rgRSV (5 x 10^' p f u /mouse) f he pul- 
monar)' function %v;is evaluated alday*! after infection as described previously^" 
Finally, all mice were killed the next day The RSV titer was determined by plaque 
assay from tlie lung homogenatc (» =^ 8), and histological sections from lungs 
(m ^8) were stained with hemnlo.vylin and eosin Weperformed Rf-PCRiUialysisin 
the lung tissue using the following primers IFN-p: for\s^jrd, 5 -ATA AGC AG CTC- 
CAGCTCCAA-3-, reverse. 5 -CTGrcrGClGGlGGAGT rCA-3 ; RSV-NSI: 
forward, 5 ^ArGGGG rGCAArrCATTGAG-3\ reverse, 5 -CAGGGCACAC 
riCACTGCT-3; HSV-F: forward, 5 -IGCAGTGCAG rfAGCAAAGG-3'. 
reverse. 5 -^7CTGGCrCGAI TGTTTGTlG-3 ; nnd GAPDH: forward, 5^ 
CCCrrOVlTG ACCrC AAC"I -3 \ reverse, 5 -G ACGCCAG FG-G ACTCC A-3 ' PCR 
products were visualized l>y gel electrophoresis and quantified by densitometry 

Statistical analysis. Pairs of groups were compared by Students f^-lest 
Differences between groups were considered significant ai P<0 05 Data for all 
mcasuremenis are expressed as means ± s d 
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